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PREFACE 


This book has been prepared for a first course in electronics. The 
uthors have intended to present the subject at an intermediate level 
uitable for electrical engineering students who are classed as electric 
)ower majors. It may also serve for electronic or communication 
najors who will continue with more comprehensive and spyecialized 
ourses in radio communication, wire communication, ultra-high fre- 
juencics, microwaves, and industrial electronic applications. They 
avc tried to present ui)-to-date material in a logical manner, using 
-.S.A. and otlier standard symbols for diagrams and equations. 

It has been the authors^ desire to fill a gap in available textbooks 
lat seems to li(^ between books that are elementary^ and those that 
"utain too much material to be included in a college recitation course 
four to six semester hours. 

In preparing this book the authors found that Chapters I-VIII, 
elusive, and Chapter XII from Professor Kloefller’s Industrial Elec- 
onics and Control should be used again. Hence these chapters are 
peated here in their entirety or with minor modifications. 

The authors acknowledge the helpful criticisms and suggestions 
made by Professor J. Edmond Wolfe and Robert Dennison. 

Roycb G. Kloeffler 

Mai RICE W. Horrell 

Au{/ust, l{f49 
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Tube Components 


ELECTRICAL GRAPHICAL SYMBOLS 
(ASA) 


Circuit Components 


Cathode 

Directly heated 

A 

Capacitor 

— 1(- 

fixed 

variable 

Indirectly heated 

r 

Contact 

— Ih" 

open 

closed 

Cold 

T 

Resistor 

Fixed 

simple 

—vw— 

detailed 

Photoelectric 

T 

Variable 

-\— 

simple 

detailed 

Pool 


Variable 

simple 

/yVv— 

detailed 


Grid 


Ignitor 


ignitor 


Anode or plate 


Target, X-ray 


Envelopes, 

High vacuum 


Gas filled 


> 



a 


Inductor 

Fixed 


Variable 


Transformer 


Junct'on 


Ground 




air core 


iron core 


111 



air core iron core 

-1- — 




^ This symbol must aways be used 
with an identifying legend within 
or adjacent to the rectangle. 



STANDARD SYMBOLS FOR ELECTRON-TUBE CIRCUITS 



Grid 

Plate 

Grid 

Plate 

Load 


Volt¬ 

Volt¬ 

Cur¬ 

Cur¬ 

Volt¬ 

Component 

age 

age 

rent 

rent 

age 

Total value, instantaneous 

ee 

Cb 

ic 

4 

eL 

Total value, instantaneous maximum 

Ecm 

Ebrn 

Jem 

Ibm 

Elm 

Total value, average 

Ee 

Eb 

Ic 

h 

El 

Quiescent or zero signal average value 

Eco 

Ebo 

I CO 

I bo 

Elo 

Varying component, instantaneous 
Varying component, instantaneous max¬ 

Cg 

Cp 

h 

ip 

Ct 

imum 

Egtn 

^ptri 

I GWi 

I pm 

Ezm 

Varying component, effective 

E, 


h 

Ip 

Ez 

Varying component, average 

Ego 

Ep» 

I go 

Ipo 

Ezo 


Supply voltages: 

Grid (d-c) 

Screen grid (d-c) 

Plate (d-c) Ebb 

Filament or heater E// 

Filament or heater terminal voltage E/ 

Filament or heater current 7/ 



Chapter I 

PHYSICAL CONCEPTS 


Electronics is a terra signifying certain developments that have 
centered around several discoveries and inventions made near the close 
of the nineteenth and the beginning of the twentieth centuries. In 1887 
Hertz discovered the Hertzian waves. In 1895 Roentgen invented the 
X-ray tube. About 1898 Marconi demonstrated the possibilities of 
wireless communication. In 1902 Fleming invented the “valve” or two- 
electrode detector. In 1906 De Forest invented the audion or three- 
electrode tube. These basic discoveries gave an impetus to the work 
of hundreds of other scientists whose cumulative inventions and de¬ 
velopments have produced what is known as electronics. 

Electronics is that branch of science and technology which relates 
to the conduction of electricity through gases and in vacuo.* This 
definition involves the flow of electrons in vacuum tubes and the move¬ 
ment of electrons and ions in tubes containing gas or vapor at low 
pressures. The term also covers the action taking place in all circuits 
associated with these electron tubes. Hence, in a broader sense, elec¬ 
tronics may be considered to include nearly all electrical phenomena. 

The movement of electrons and ions in electron tubes involves cer¬ 
tain physical phenomena not considered in the study of electrical ma¬ 
chinery. These phenomena include (1) the removal of electrons from 
solids, (2) the production of ions in gases, (3) the movement of elec¬ 
trons and ions in space between electrodes, and (4) the control of the 
flow of electrons and ions by electrostatic and magnetic fields. An 
understanding of these processes may be aided by a review of some 
chemical, ph.ysical, and electrical concepts. 

Atonic Structure. The electron theory of electricity and matter is a 
product of our twentieth-century thinking and research. At the be¬ 
ginning of the century Thompson suggested the electron as a part of 
the normal atom. In 1913 Robert Millikan published the result of his 
work on isolating and measuring the charge on the ion. Thus the 

♦Definition approved by the American Standards Association. 
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Electron 




^ Positive 
/ nucleus 


electron, a fundamental indivisible particle carrying a negative charge, 
was discovered. The counterpart or mate of the electron was named 
the proton and consists of a particle having a mass approximately 
1840 times that of the electron and a positive charge equal in magni¬ 
tude to the charge on the electron. With these two particles as the 
building blocks of nature, Bohr suggested the structure of the atom 
as shown in Fig. 1. He pictured that atom as consisting of a small 
dense core or nucleus about which one or more electrons revolve. This 
structure is analogous to our solar system; the nucleus corresponds to 
the sun, and the revolving electrons correspond to the earth and the 

planets. The nucleus of the atom con¬ 
tains all the protons and usually some 
of the electrons for the particular ele¬ 
ment involved. For the simple hydro¬ 
gen atom the single proton constitutes 
the nucleus and the single electron 
the lone planet. For helium the nu¬ 
cleus consists of four protons and two 
electrons; the other two electrons re¬ 
volve around the nucleus and serve 
as the planets of the system. The at¬ 
traction of the positive nucleus for 
the revolving electrons is counterbal¬ 
anced by the centrifugal force of their motion about the nucleus. Bohr 
assumed the paths or orbits of the electrons to be circles and ellipses. 
The electrons moving in orbits close to the nucleus have large forces 
acting upon them, whereas those in outer orbits are acted upon by 
much smaller forces. The amount of energy possessed by an electron 
revolving in any orbit is definite and characteristic of that orbit. To 
explain the property of radiation due to electrons, it was necessary to 
assume that an electron may have several orbits and that it is capable 
of jumping from one to another of these orbits under suitable excita¬ 
tion. The change from one orbit to another is accompanied by the 
absorption or radiation of energy. This radiated energy may be in the 
form of light, heat, or other wave energy. Because of this energy ex¬ 
change some scientists have preferred to speak of the different orbits as 
energy levels. 

The nucleus and electrons wdthin an atom are very small and very 
far apart. The radius of the simplest atomic structure, the hydrogen 
atom, is 10""® centimeter, and the radius of its orbital electron is 
2 X 10“^® centimeter. The radius of the nucleus (lone proton) will be 


Fig. 1. Bohr’s planetary structure 
of an atom. 
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^840 ^hat of the electron. A conception of the relative magnitude of 
this hydrogen atomic system may be obtained by expanding the 
nucleus to the size of a baseball located at the geographical center of 
the United States (near Manhattan, Kansas). The revolving electron 
will pass through New York City and San Francisco and will be a 
sphere 300 feet in diameter—big enough to fill an average-size stadium 
or baseball park. Thus it is apparent that an atom is a hollow nebu¬ 
lous sphere—a swarm of specks occupying a small part of space. 
This conception is very helpful in understanding ionization in gases 
and many phenomena of electronics. 

Two decades after Bohr^s picture of atomic structure was offered, 
Carl Anderson discovered the positron, a positive particle having the 
same mass and magnitude of charge as the electron. About the same 
time several scientists isolated the neutron, a particle having the 
same mass as the proton but with a zero charge. The discovery of 
these two particles gave rise to new theories regarding the intimate 
structure of atoms and molecules. These new theories lie within the 
realm of chemistry and atomic physics. Fortunately for the student 
of electronics, the picture of atomic structure suggested by Bohr pro¬ 
vides a very useful physical concept for the understanding of such 
electronic phenomena as electron emission, ionization, and light pro¬ 
duction in gases. 

A molecule is usually a combination of two or more atoms.* The 
normal molecule contains an equal number of electrons and protons 
and hence the same magnitude of negative and positive charge. If an 
electron is removed from a molecule, the remaining unit has an unbal¬ 
anced positive charge and is called a 'positive ion. If an extra electron 
joins a molecule, the new unit carries a negative charge and is called a 
negative ion. The subtraction and addition of electron charges in 
forming ions does not change the chemical nature of the molecule since 
the restoration or addition of an electron will bring the molecule back 
to its normal neutral state. It is possible for a molecule to suffer 
the loss or the addition of two or more electrons. In such units the 
particle is called a multiple charged ion of appropriate sign. A single 
isolated electron is often called a negative ion, but this terminology 
will not be used in this book. 

Electricity. Electron theory offers a simple explanation of the 
phenomenon and the properties of electricity. Such explanations may 

The molecules of helium, neon, argon, krypton, xenon, and radon Consist of 
only one atom. 
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be made in terms of a displacement of electrons. Thus if one or more 
electrons is removed from a normal (neutral) object, a 'positive charge 
is created on that object. Similarly, if extra electrons are added to a 
neutral body, a negative charge is created. The magnitude of the 
charge is measured by the deficiency or excess of electrons from the 
neutral state. A common unit of charge, the coulomb, consists of 
6.3 X 10^® electrons. Electric charge is represented by the symbol Q. 
^ Electric charges may be stored in capacitors (condensers). A capaci¬ 
tor usually consists of two parallel conducting surfaces separated by a 
nonconductor. A displacement of electrons from one surface to the 
other causes the capacitor to be charged and energy to be stored. If 
the two charged surfaces are later connected by a simple conductor, 
the displaced electrons return to their former positions, the capacitor 
is discharged, and the stored energy is released. 

Electric charges may exist in gases or in a near vacuum as well as 
on metallic surfaces. In nature, clouds are often charged negatively or 
positively as a result of air currents and condensation of water vapor. 
The charges thus acquired may be great enough to result in destructive 
strokes of lightning. In electron tubes either negatively or positively 
charged ions may become concentrated in certain regions and thus 
constitute a charge known as space charge. Space charges are im¬ 
portant considerations in the operation of electron tubes and will be 
covered in later discussions. 

Electrons (negative charges) and protons (positive charges) attract 
each other. Electrons (negative charges) repel each other. Positive 
ions repel each other. This basic law of attraction and repulsion of 
electric charges is fundamental in the operation of electronic devices. 

Electric potential differences are created by a displacement of elec¬ 
trons. If some of the electrons in a straight metal bar are moved to one 
end of that bar (by any means), then that end is negative and the other 
end is positive. A difference of potential now exists between the ends, 
and the magnitude of that difference depends on the density of the 
excess (or deficiency) of the electrons at the ends. It may also be said 
that electric charges exist at the ends of this rod. The magnitude of 
these charges depends upon the total number of electrons displaced, 
whereas the difference of potential depends not on the number of elec¬ 
trons displaced but upon the concentration or densit'y of the displaced 
electrons. The electric charge depends on the area of the region con¬ 
sidered, whereas the potential difference is entirely independent of the 
area. Potential difference is measured by the work done in carrying 
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a unit charge from one point to another and is independent of the path 
followed. 

Electric conduction is the procecs of transferring electrons in an 
electric circuit. Electric current is the coordinated movement of elec¬ 
trons along a conductor. The movement may be continuous, as in 
direct current, or periodically changing in character, as in alternating, 
oscillating, or pulsating currents. The magnitude of the electric cur¬ 
rent is measured by the number of electrons that move past a point in 
the circuit per second. An ampere of current exists when transfer takes 
place at the rate of 1 coulomb (charge) or 6.3 X 10^® electrons per 
second. Individual electrons may move at a snaiFs pace in a conductor 
of high resistance or at a speed approaching that of light in vacuum 
under a very high potential. The movement of individual electrons 
should not be confused with the propagation of an electric wave along 
a conductor, which takes place at a rate approaching the speed of light. 
The movement of electrons called electron current is opposite to the 
conventional direction of current adopted long before the electron 
theory was evolved. Since electronics is a science of electron move¬ 
ment, the direction of current flow used in this textbook for explaining 
tube operation will be that of the electron current. 

Electric conduction takes place in solids, in liquids, in gases, and in 
vacuum. In solids (metals) conduction takes place through the me¬ 
dium of so-called free electrons. Free electrons may be conceived as 
those electrons (1) that, while forming a part of the molecule of the 
conductor, lie in outer orbits and thus are not very strongly bound to 
the nuclei, or (2) that, at-instants in their orbital movement, lie mid¬ 
way between the nuclei of two different molecules and hence are sub¬ 
ject to equal but opposite attractions so that they may be readily 
moved by an appropriate electric field. Free electrons are moved from 
the sphere of one molecule subsequently to join another molecule, and 
thus the billions of billions of electrons in a solid conductor may move 
on in a kind of relay race, constituting a transfer of electrons, or 
electron current. 

In liquids conduction is through the medium of ions. If salt (NaCl), 
for example, is added to distilled water, it will dissolve and disassociate 
into fragments or ions. The sodium atom becomes the positive ion, 
and the chlorine becomes the negative ion. Whether the charges exist 
before or only after entering solution is a question of chemistry, not 
electronics. If two electrodes are placed in the electrolyte and con¬ 
nected to a source of potential, as in Fig. 2, the ions will start to mi- 
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grate to the electrode of opposite polarity. When the positive sodium 
ion reaches the negative electrode, it will take on an electron and will 

become a neutral sodium atom. Likewise, 
the negative chlorine ion will give up one 
electron on reaching the positive electrode 
and will become a neutral chlorine atom. 
The result of the migration of the two ions 
to the electrodes has been to transfer (in ef¬ 
fect) one electron from the negative elec¬ 
trode to the positive electrode, and this 
transfer constitutes an electron current. 
The formation of the neutral sodium and 
chlorine atom may result in subsequent 
chemical actions with the water present, but 
these reactions are foreign to the process of electric conduction in the 
electrolyte. 

Control of Electron Tubes. The operation and the control of elec¬ 
tron tubes are governed by electrostatic and magnetic fields. This 
statement is illustrated in the operation of the cathode-ray tube shown 
in Fig. 3. In this tube electrons released at the cathode (7 are caused 
to move in a stream or beam along the line COS, This motion is pro- 



Fig. 2. Electric conduction 
in a solution of NaCl and 
water. 



duced by the attraction of an electric field which accelerates tliese 
electrons in the region A. Since the individual electrons repel each 
other because of their like negative charge, they must be held together 
or focused by some external force. This restraining action is applied in 
the region F and may be either an electrostatic or a magnetic field. In 
the region of D and near point 0, the beam of electrons may be de¬ 
flected to a new direction such as OS' or OS", or at other angles be¬ 
neath or above the plane of the page. Again, the medium of the 
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electron-beam deflection may be either electrostatic or magnetic 
fields. A more detailed explanation of the construction and operation 
of the cathode-ray tube will be given in Chapter IV. In order to 
understand its operation and that of other tubes, the theory of the 
movements of charged particles will be covered in a succeeding article 
on electron ballistics. 

Mks System. The calculations in the following article on electron 
ballistics will use the mks system. In this system length is expressed 
in meters, mass in kilograms, and time in seconds.. The unit of force 
is the newfon^thdii required to give a mass of 1 kilogram an accelera¬ 
tion of 1 meter per second per second. This system of units is espe¬ 
cially convenient for calculations in electrostatics since it employs 
the practical system of electric units—^the volt for potential differ¬ 
ence, the coulomb f or charg e, and the w'att-second or joule for electric 
energy. For the magnetic circuit the unit of flux is the weber, which 
equals 10® maxwells. For this unit of flux the voltage E becomes 
d<f>/dt. Flux density (i is expressed in webers per square meter. 

Electron Ballistics. The theory of the movements of charged par¬ 
ticles in electrostatic and magnetic fields is known as electron ballistics. 
The movements of such particles depend upon the charges and masses 
of the particles, the strength of the fields, and the laws of motion. 

The particle of major interest in electron tubes is the electron itself. 
In gaseous and vapor tubes, positive ions as well as electrons are of 
interest. The monatomic elements of the group of inert gases and of 
mercury vapor are commonly used in electron tubes. In each of 
these, the molecule consists of one atom. Hence, either the term atom 
or molecule may be used in discussing the theory of the formation and 
movement of ions. Table 1 gives the relative electric charges and 
masses of several particles existing in electron tubes. 


TABLE 1 * 


Name 

Chabqe 

Mass 

Electron 

—e 

mo 

Positron 


mo 

Proton (H ion) 

+e 

l,840mo 

Neutron 

0 

l,840mo 

Alpha particle (Ile*^"^) 

+2c 

7,360mo 

Neon (ion) 

-he 

37,200mo 

Argon (ion) 

-he 

73,CCX)mo 

Mercury (ion) 

-he 

372,OOOmo 


* For more precise values of mo and f, see R. T. Birge, ** A New Table of Values of 
General Physical Constants,” Rev, Modem Phys.^ 13 (October 1941). 
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The symbol for the charge on the electron is e and for its mass mo. 
Close values for the magnitude of these symbols in mics units are as 
follows: 

e = l.G X 10“'^ coulomb (1) 

mo = 9.1 X 10“"^^ kilogram (2) 

— = 1.7G X coulombs per kilogram (3) 

mo 

The value given here for mo is for the electron moving with speeds 
small compared with the speed of light. For higher speeds (above 15 
per cent of the velocity of light), the following expression by Lorentz 
should be used: 



where m„ = mass of the electron in motion (relativity mass), 
mo = mass of the electron at rest. 

V == speed of the electron. 
c = speed of light (3 X 10®) meters per second. 

An electrostatic field is a region that exerts a force upon an electric 
charge. The direction of the field is that in which a positive charge is 
urged. An electrostatic field is produced by a change of potential E 
with distance.'* The rate of change of potential and its sign is called 
the potential gradient. If a potential Ei exists at one point and changes 
uniformly over a distance 5 to a value of E2, the magnitude of the po¬ 
tential gradient is {Ei — E^/s, It is customary to designate an elec¬ 
trostatic field by the term electric field intensity and the symbol 8. 
Electric-field intensity is a vector quantity that indicates the direction 
of the field and its magnitude as measured by the potential gradient. 


dE\ 

♦The symbol E is used becaure it is consistent with the standard symbols 
now used in electronic circuits. 

t By definition, the sign of the potential gradient is negative. In the discussion 
and problems that follow, the negative sign will be dropped because the interest 
will be in magnitude only. 
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The strength of an electrostatic field is defined as the force exerted upon 
a unit charge. Hence, for a charge Q, the force will be: 


8 


/ 

Q 


and f ^ ZQ 


( 6 ) 


In the mks system electric-field intensity may be expressed in new¬ 
tons per coulomb (equation 6) or in terms of volts per meter (equation 
5 ), the latter being more convenient for calculations. 

From the well-known laws of mechanics the following series of equa¬ 
tions results: 


CQ 

/ = ma ZQ = ma a = — (7^ 

in 


where / is the force and a is the linear acceleration. 

Since electric potential is measured by the work T7 done in moving 
a unit charge, it follows that for a charge Q 



E 


W 

— and T7 = EQ 

Q 


Potential energy (stored) = work =* EQ 
ICinetic energy = 

Kinetic energy gained == potential energy lost 



Equation 9 shows that both the speed and the kinetic energy acquired 
by a charged particle moving in an electric field is determined solely by the 
total potential E through which the particle has moved. This fact gives 
the basis for a useful unit (electron-volt) for measuring the energies in¬ 
volved in particle motion in electric fields. The electron-volt is the en¬ 
ergy acquired by an electron starting from rest and moving in a vacuum 
through a potential difference of 1 volt. The abbreviation for electron- 
volt is ev. The energy involved in electron-volts follows from equa¬ 
tion 8. 


Also 


1 electron falling through 1 volt = 1 ev (energy) 
1 electron falling through E volts — E ev (energ^O 

1 ev = 1.6 X joule 


(10) 
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A uniform electric field may be produced between parallel surfaces. 
Let A and B represent tv/o parallel plates separated by the distance s 
in Fig. 4. A potential difference E applied to the plates will set up a 
uniform field along the line xy and also in most of the region between 
the plates if the dimension of the plates is large compared to the sepa¬ 
ration s. The potential distribution along the line xy is shown in the 
right-hand view of Fig. 4. The potential rises uniformly (linearly) 
from 0 to E between the plates A and D so that the potential gradient 
and the electric-field intensity are constant in magnitude and equal to 



Parallel Potential 

Electrodes Distribution 


Fig. 4 . Potmtial distribution between two planes. 


E/s. An electron (negative charge) released at x will be urged toward 
y with a constant force equal to Ze and accelerated uniformly until it 
reaches plate B at y. If E is made 500 volts and s = 2.5 centimeters, 
the following values of motion will result (mks system). 

E 500 volts 

Potential gradient = s = — =-= 20,000- 

^ 5 2.5 X 10“^ meter 


Q E c 

Acceleration = a = S— = — X — = 20,000 X 1.7() X 10^^ 
(equation 7) m s 

= 3.52 X 10^^ meters per second per second 


Speed at y 
(equation 9) 



^2 X 1.76 X 10“ X 600 = Vl.76 X 10^^ 


« 1.325 X 10^ 


meters 

second 


4.4 per cent velocity of light 
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An electron beam (a pencil of flying electrons) is controlled and de¬ 
flected by electric fields in cathode-ray tubes. To analyze such action, 
assume in Fig. 5 that an electron e moving with a horizontal speed of 
Vo along the line aeb enters a uniform electric field (vertical) between 
two parallel plates at point e. Assuming the polarities indicated, it is 
evident that the electron will be deflected upward by the electric field 
and travel along the full line as shown. The speed ot translation vq to 
the right will remain unchanged during the electron flight between the 
plates because the deflecting field is at right angles to that motion. 



1^—i—^ 


Fia. 5. Deflection of an electron in an electric field. 

The electric field between the plates (assumed uniform) will give the 
electron an accelerated motion upw^ard, reaching an upward speed of 
Vy at the time the electron has emerged from the right-hand edge of the 
plates. From this point the electron ^vill move on a straight line with 
a resultant speed determined by the two components vq and Vy. The 
angle d of the resultant deflection will be determined by the component 
velocities vq and Vy. 

The direction and magnitude of the resulting motion can be readily 
calculated as follows. Assume that the initial velocity of the electron 
is the same as that of the previous problem (1.325 X 10^ meters per 
second), the plates are 1 centimeter apart with 100 volts applied, and 
the length of the plates I is 2.5 centimeters. The transit time for the 
electron having an initial horizontal component speed of Vq is derived 
from 

I ^ Vo X t 

(distance) (speed) (time) 

l 2.5 X 10"® 

< =s — =- - = 1.885 X 10 ® second 

Vo 1.325 X 10^ 
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E.e 

Acceleration upwards = a =- 

s mo 

100 


1 X 10~2 


X 1.76 X 10“ 


= 1.76 X 10^® 


meters 

second^ 


Vy = at= 1.76 X 10^® X 1.885 X 10”® 


= 3.32 X 10® 


meters 

second 


_i _i 3.32 X 10® 

Angle of deflection 0 = tan * — = tan ^-- 

j^o 1.325 X 10^ 

= tan”^ 0.25 

= 14° 


Final speed v = V 

= 1014 ^ 0.332^ X 10“ 


= 1.368 X 10^ 


meters 

second 


The upward deflection of the electron while it is passing between the 
plates may be computed by using the formula 

s = \cLi^ 

s = 1(1.76 X 10“)(1.885 X 10”®)® 

= 3.12 X 10”® meter = 0.312 centimeter 


Magnetic fields are used for controlling the motion of charged par¬ 
ticles. The action of a magnetic field upon charged particles follows 
from the theory of the force acting upon a current-bearing conductor 
placed in a magnetic field. 


/ = pi sin $ 
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where / represents force per unit length, P the flux density, i the current, 
and 6 the angle the conductor makes with the magnetic field. A cur¬ 
rent consists of electrons or other charged particles in motion. Hence 


i = Qnv 


where Q is the charge on the particle, v is the speed of the particle, and 
n is the number of particles per unit length. Since the force on the in¬ 
dividual particle is under consideration, n becomes unity and ; , 

/ = PQv sin 6 


In Fig. 6, let it be assumed that an electron e is projected at right 
angles {6 = 90®) into a uniform magnetic field with an initial velocity 
of Vq, Since the field is directed in (toward the paper), the application 
of any convenient rule * for the force upon a conductor will show that 
the electron will be deflected downward as it enters the field. With a 
uniform field and a constant speed Vqj the path of the electron will be 
given a constant angular change or acceleration and will move in the 
arc of a circle. From the laws of mechanics this acceleration is v^/r, 
where r is the radius of curvature of the path. Thus 


and 


f — ma = fiQv = m — 

r 


r = 


mv 


( 11 ) 


and for an electron where Q = e 
V 


1 V 

r = - X-= 5.09 X 10 - meters 

P e/m 


( 12 ) 


Assume in Fig. 6 that is 2 X 10® centimeters per second and the 
field strength is 10 gauss. 


r = 5.69 X 10“^2 


(meters per second) 

2 X 10^ 

10 X 10^ X 10“« 

(wobers per square motor) 


= 11.38 X 10 ^ meter = 11.38 centimeters 
* Use left hand instead of right hand for electron current. 
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The theory of the magnetic field acting at right angles to the moving 
electron (illustrated in Fig. 6) is applied in a cathode ray tube to the 
deflection of a beam of electrons and is analogous to the use of the 
electric field as illustrated in Fig. 5. 

The angle of deflection of an elec¬ 
tron beam in a uniform magnetic 
field may be computed from the re¬ 
lations shown in Fig. 7, Here a mag¬ 
netic field within the rectangle abed 
is created by two parallel coils, one 
in front of and one in back of the 
page. An electron entering the field 
from the left with a velocity vo at 
point X will be deflected along the 
arc of a circle xy having some radius 
r. After emerging from the field at 
y, the electron will continue its veloc¬ 
ity Vo along a linear path. The angle 
of the arc xy is 0 (lower angle) and by 
plane geometry is equal to the angle 
of deflection 0 (at the right). Ob¬ 
viously, the sine of the angle 0 is I/r. 
The length of field I is known and r can be calculated from equation 
12 as in the preceding example. 

If a flying electron enters a magnetic field at an angle less than a 
right angle, an interesting phe¬ 
nomenon occurs. This is illus¬ 
trated in Fig. 8. An electron mov¬ 
ing with a velocity Vo enters a 
horizontal magnetic field at point 
e in a direction making an angle 
0 with the X axis. The horizontal 
magnetic field is produced by the 
solenoid CCC'C\ Assume for the 
sake of a simple concept that 
the magnetic field begins at the 
boundary CC and ends at bound¬ 
ary C'C'. The initial velocity of 
the electron Vq has a horizontal component and a vertical com¬ 
ponent Vp. The horizontal component is parallel to and unaffected 
by the magnetic field. The vertical component Vy is normal to the 



tron traversing a magnetic field. 



Fia. 6. Circular deflection of an 
electron in a uniform magnetic 
field. * 
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magnetic field and hence is subject to a side thrust which will result 
in a circular motion as explained in the preceding discussion. The 
resultant motion of the electron while it is in the magnetic field will be 
a combination of a motion of translation to the right equal to Vg, 
and a circular motion about a horizontal axis. Such a combina¬ 
tion of motions follows a helical path as shown in Fig. 8. It is ob¬ 
vious that the effect of the magnetic field has been to change the 
direction of motion of Vq into a helical motion along the direction 



a solenoid (magnetic focusing). 

of the field or x axis. Accordingly, a beam of electrons projected into 
a magnetic field at various angles other than 90 degrees will be de¬ 
flected into the direction of the magnetic field. This is the principle 
of magnetic focusing which is applied in some cathode-ray tubes and 
electron microscopes. In the application of one form of magnetic 
focusing, the field strength is adjusted so that the electrons make one 
or an integral number of turns in the helical path. If all electrons 
enter on the axis of the magnetic field {though at various small angles) 
and make the same number of turns, they will converge on one spot. 
Calculations for the path of the electron in the magnetic field can be 
made by adapting the theory of the circular motion to the Vy com¬ 
ponent of and using the physical concept of the helix. 

Concentric cylindrical electrodes are frequently used in electron 
tubes. A common configuration is shown in part a for Fig. 9. A 
potential E is applied to the cylinders so that the central electrode c is 
negative and the resulting electric field will be directed along radial 
lines as shown (dotted lines). In practice, electrode c may be a very 
fine wire giving a potential distribution along any diameter as shown 
in part b of Fig. 9. The change in potential or potential gradient close 
to 0 is very great and then becomes slight throughout most of the 
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radial path to the outer cylinder. If electrons are released at the wire 
c, they will fly along radial lines under the influence of the electric field 
to the outer cylinder. 

Combined electric and magnetic fields applied to the configuration 
discussed in the preceding paragraph result in an interesting and use- 


(a) 



Concentric 

Cylindrical 

Electrodes 




Potential 

Distribution 


Superimposed 
Magnetic Field 


Fia. 9. Approximate path of an electron in a combined electric and magnetic 
field between concentric cylindrical electrodes. 


ful phenomenon. If a solenoid bearing continuous current is placed 
around the concentric cylindrical electrodes, a field parallel to the axis 
of the cylinders will be created as indicated by the crosses on part c 
of Fig. 9. Now the electrons released at c move outward under the in¬ 
fluence of the electric field as before, but in doing so their path is normal 
to the magnetic field so that they are subject to a deflection in a curved 
path. If the magnetic field is sufSciently strong, these electrons may 
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never reach the outer electrode but may be returned to e^trode c as 
shown in the figure. This phenomenon has heen ntili 2 (ft 4n a tube 
known as a magnetron and applied in an oscillator for producing very 
high frequencies. 

In one application of the magnetron, the magnetic field is adjusted 
so that the electron will just graze the outer cylindrical electrode in fol¬ 
lowing its curved path. The exact mathematical solution for this mo¬ 
tion is too involved to justify treatment here. 


Second or Accelerating Anode 



Fig. 10. Focusing of an electron beam by an electrostatic lens. 


Electron optics is the science of controlling electron beams in a man¬ 
ner analogous to the control of light rays by optical lenses. The elec¬ 
tron beams are directed in parallel, converging, or diverging paths 
through the medium of electric and magnetic fields. The focusing ef¬ 
fect of a parallel magnetic field illustrated in Fig. 8 is an example of 
the methods employed. A converging or a diverging magnetic field 
will exercise a corresponding directive effect upon an electron beam. 
An electric field between adjacent concentric cylinders may be used py 
produce a converging or diverging effect upon a movement of electrons. 
This phenomenon is illustrated in Fig. 10 where the electric-field dis¬ 
tribution shown is created in the proximity of the adjoining cylinders. 
Electrons moving along the general direction of the axis of the cyl¬ 
inders will tend to move parallel to the lines of the electric field. An 
electron such as e moving along the line AB in Fig. 10 will be deflected 
as shown, and a group or beam of diverging electrons will be directed 
so as to converge at a point X on the axis. By such methods and coxn- 
binations of electric and magnetic fields, the art of electron optics is 
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accomplish^. The complete theory of electron optics is a subject too 
advancedrfcJrthe purpose of this book. 

Problems 

1. Two large parallel planes in a high vacuum separated by a distance of 
1 inch carry a difference of potential of 1000 volts. An electron is freed at the 
negative plane (near center) with zero velocity. Calculate (a) the potential 
gradient between the planes, (b) the velocity of the electron when it hits the 
positive plane, (c) the time the electron is in transit, and (d) the energy 
acquired by the electron in electron volts and joules (use mks system). 

2. Increase the distance between the planes of Problem 1 to 5.08 centi¬ 
meters, and recalculate. 

3. (a) In Problem 1 substitute a + hydrogen ion (at positive plate) for the 
electron and solve. Repeat for (b) a neon ion, and (c) a mercury ion. 

4. In Fig. 5, an electron enters the space between the two planes with an 
initial velocity of 10® centimeters per second. If the electric field between the 
planes is 5 volts per millimeter, what will be the angle of flight and the re¬ 
sultant velocity after the electron has traveled 2 centimeters to the right? 

6. In Fig. 6, an electron is hurled with a velocity of 10® centimeters per 
second into a magnetic field of 15 gauss. Calculate the nature of the path 
of the .electron. What will be the resultant velocity 1/1,000,000 of a second 
after the electron enters the magnetic field? 

6. An electron falling from rest in a uniform electric field acquires a veloc¬ 
ity of 3.5 X 10® centimeters per second. What is its energy in joules ? 
Through what potential has it fallen ? 

7. Substitute an argon ion with a velocity of 10® centimeters per second for 
the electron in Problem 6 and solve. 

8. In Fig. 7, Vq is 1.5 X 10*^ meters per second, / is 5 centimeters, and the 
magnetic field is 5 gauss. Calculate the angle of deflection B, 

9. In a cathode-ray tube (Figs. 3 and 7), a magnetic deflection of 20 de¬ 
grees is desired where Vq is lO*^ meters per second and Z is 1.5 centimeters. 
Calculate p in gauss. 

10. If an electrostatic field replaces the conditions of Problem 9 calculate 
the required potential gradient in volts per centimeter (Fig. 5). 

11. Assume in Fig. 8 that Vq Is 1.3 X 10® centimeters per second, ^ is 6 de¬ 
grees, and p is 40 gauss (directed right to left). Calculate the path of the 
elec^on, and determine the distance CC' if the electron makes 2 revolutions. 

12. A mercury ion accelerated in a nonuniform electric field hits a negative 
electrode with an impact of 2.4 X 10”^® joule, (a) What was its velocity on 
impact? (6) Through what difference of potential has it fallen? 

13. Assume for Fig. 5 that the approaching electron enters the electric 
field at an angle of 10 degrees to the x axis (inclined upward). Set up the 
equations for solving the final angle of deflection, and for the final velocity. 



Chapter II 

ELKCTRON EMISSION^ 


( Electr on^ emission .jg the liberation of electrons irom the atomic 
forces in metals. Many of the physical phenomena connected with the 
escape of electrons were observed in the nineteenth century. In 1827 
Robert Brown observed minute particles of dead matter in suspension 
in water under a high-powered microscope and discovered that they 
performed irregular wiggling motions, suggesting ^'life.^' This phe¬ 
nomenon came to be known as the Brownian movement and was ex¬ 
plained a half century later. The Brownian movement is due to the 
continual bombardment of inanimate particles by the thermal Agita¬ 
tion of the molecules in the liquid. Similar movements take place 
in gases and in solids. In 1883 Thomas y.H|finTi^nhRprYpd that th^ 
r egion surrounding a red-hot filamenTlTa Conductor of electricity. He 
placed a m^allic plate in an incandescent (carbon) lamp bulb^and 
connected it in series with a galvanometer. His observations showed 
that whenever the plate was connected to the positive side of the fila¬ 
ment a current was indicated, but when it was connected to the nega¬ 
tive side there was no deflection of the galvanometer. This phenome¬ 
non came to be known as the Edison effect. In 1888 Hallwachs dis¬ 
covered that, if he charged a zinc plate to a negative potential and 
then exposed it to ultraviolet light, it gradually lost its charge. In 
each of the experiments cited, electrons were freed from the bonds 
of electron affinity. 

Electron Aflinity. Electrons are bound within the surface of a 
metal by an attraction or affinity. A concept of this affinity may b"? 
attained by reference to the mechanical picture of the Bohr atom. 
First, one may visualize an isolated atom with its positive nucleus and 
the electrons revolving around it in a series of orbits at various energy 
levels. These electrons are bound to the nucleus by an attractive force 
which gives them potential energy. In their orbital motion they have 
kinetic energy which balances the potential energy. The electrons in 
the outer orbit (the valence electrons) are less closely bound and are 
the ones that become free electrons and participate in electric conduc- 
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tion and in electron liberation. Individual atoms combine into mole¬ 
cules held together by a displacement of the valence electrons. The 
molecules, in turn, are held together in the solid by a rearrangement of 
electrons in a form of lattice structure. Thus the electrons that may 
participate in any liberation are subject to an attraction or affinity due 
to atomic structure, molecular structure, and molecular combinations. 
The Bohr atom may be envisioned within a section of metal as shown 
in Fig. 1. An electron existing within the metal at some point such as 

Y will be subject to many at¬ 
tractions from its parent atom 
and from surrounding atoms. 
This electron will have an ab¬ 
solute motion consisting of its 
private orbital speed plus the 
motion of its parent atom due 
to thermal agitation. Obvi¬ 
ously, the electron will occupy 
many positions in the course of 
a fraction of a second where 
the forces of attraction acting 
upon it will be balanced. While 
in this balanced state it is ^^free’^ in a sense, and any electric field that 
is present will cause it to move and to become a part of electric con¬ 
duction. However, an electron in position X at the surface of the 
solid never reaches any balanced state but, on the contrary, is subject 
to all the atomic and molecular forces that bind it to the solid. This 
combination of forces is electron affinity. Electron affinity produces a 
strong potential barrier which makes it very difficult for an electron to 
break away from the surface of its parent solid. In order to break 
away, an electron must have an initial velocity or kinetic energy suffi¬ 
cient to overcome the barrier or electron affinity. This velocity is the 
resultant of absolute motion of the electron arising from the combina¬ 
tion of electron (orbital) and thermal atomic movements. If an elec- . 
tron carrying a negative charge e succeeds in escaping from the sur¬ 
face to some position such as Z, it leaves behind a positive charge e 
which exerts a powerful force to bring it back to the metal. This 
positive charge which remains in the metal is called the image positive 
charge. 

The preceding discussioii indicates that energy or work is required 
to remove electrons from solids. This energy for removing a single 



Fig. 1 
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electron from a solid may be designated as w. The ratio of this work 
w to the charge on the electron e is called tiie work fy/nctiofi of tho 
material. This ratio w/e is the same as the ratio of work to unit 
charge which, in turn, is the definition for the potential difference be¬ 
tween two points. Thus it appears that work function or work junction 
equivalent can be expressed in volts. A second way to view this sub¬ 
ject of work function is to remember that an electron escapes from a 
solid through its kinetic energy. Thus 

w = \inv^ 

and the velocity v could be acquired by the action of a potential E 
(volts) acting on the electron with charge e. Hence 

w == Ee 

and work function = w/e — E. 

To develop an understanding of work function, the student should 
keep in mind the following three statements. (1) Wort functionJ^a 
meajiiig of the work required to overcome electron affinity.plus that 
required to overcome the positive image charge on the surface after 
the electron escapes. (2) The energy of the work function is expressed 
in volts, (electron volts)^, but this does not mean that a positive poten¬ 
tial equal to the work function placed outside the surface will extract 
electrons. (3) The values of work function given in this text and in the 
literature refer to that additional energy (above that possessed at 
normal temperature) which is necessary to free them from the parent 
surface. The work function in volts for a number of materials used in 
electron tubes is given in Table 1. Additional discussion concerning 
work function will be given at the end of the chapter to explain some 
characteristics of the materials commonly used in thermionic emission. 

TABLE 1 



Work 


Work 


Function 


Function 

Material 

(volts) 

Material 

(volts) 

Platinum 

5 0 

Thorium on tungsten 

2.63 

'^ungsttm 

4.52 

Calcium 

2.6 

Carbon 

4.5 

Barium 

2.0 

Mercury 

4.4 

Sodium 

1.9 

Molybdenum 

4.3 

Calcium oxide 

1.9 

Tantalum 

4.1 

Potassium 

1.55 

Nickel 

4.0 

Strontium oxide 

1.4 

Copper 

4.0 

£^um 

1.36 

Thorium 

3.0 

Barium oxide 

1.1 

Magnesium 

2.7 
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Electron Emission. Electrons may be liberated from metals in five' 
different ways, as follows: (1) high^tfield emissiorij (2) secondary 
emission, (3) thermionic emission, (4) photoelectric emission, and (5) 
radioactive disintegration. Photoelectric emission consists of the re¬ 
moval of electrons by electromagnetic wave radiations such as light 
and will be discussed in Chapter XV. Radioactive materials eject 
electrons (beta rays) during their slow process of disintegration. This 
phenomenon is important in many scientific studies. In some electron 

tubes which contain gas and which start 
with cold cathodes, it is probable that 
radioactive materials within or near the 
tube and sometimes photoelectric emission 
provide the initial electron emission for ex¬ 
citing or starting the functioning of the 
device. The other methods for producing 
electron emission will be discussed in the 
articles that follow. 

High-field emission is the liberation of 
electrons from cold metals by virtue of a 
very high potential gradient at the surface 
of the metal. At normal temperatures rela¬ 
tively few electrons in a metal attain a ve¬ 
locity at the surface sufficient to overcome the surface potential energy 
barrier. However, some of them do so, but upon emerging from the 
surface they leave behind a positive image charge which attracts them 
back into the surface. Accordingly, the electrons that do emerge move 
only an infinitesimal distance from the surface before returning. A 
very powerful electric field having a magnitude of over one million 
volts per centimeter is required to pull such electrons from the surface 
after this transient release. Such fields are difficult to attain, and this 
method finds little application in electronic devices. The student 
should remember the extreme difficulty of extracting electrons from cold 
electrodes, since this fact forms the basis of unilateral conductivity in 
electron tubes. 

One excellent example of high-field emission has been demonstrated 
by J, A. Becker of the Bell Telephone Laboratories in the form of an 
electfon microscope illustrated in Fig. 2. A spherical glass tube ex¬ 
hausted to a high vacuum contains a metal electrode C and a conducting 
fluorescent screen SS\ The electrode C is swaged to give a very fine 
point and is further treated by repeated dippings in an acid solution 
to remove any impurities and to attain a point P of nearly infinitesimal 



Fig. 2. An electron micro¬ 
scope employing high-field 
emission. 
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size. A potential of 230 volts applied at B was capable of producing 
a potential gradient of over one million volts per centimeter at point 
P because of the sharpness of the point. The electrons attracted to 
the fluorescent screen gave a beautiful picture of the structure of the 
metal point P. 

Another example of the use of high-field emission occurs in mercury- 
pool tubes where a positive space charge created by positive mercury 
ions produces a high field at the surface of the metallic mercury. This 
application will receive subsequent treatment. 

Secondary emission is the ejection or ‘^splashing-out^^ of electrons 
from a solid due to bombardment by electrons, positive ions, or other 
flying particles. Usually this emission is due to electrons attracted to 
an electrode having a positive potential. A single primary impinging 
electron may eject from one to ten secondary electrons from the elec¬ 
trode, depending upon the work function of the material, the condition 
of its surface, and the velocity of the primary electron. Obviously, 
the kinetic energy of the primary electron is imparted to the secondary 
electrons and added to their normal energy in such a way that they are 
able to overcome the potential barrier or work function of the surface. 
In general, it would be expected that the energy of the impinging elec¬ 
tron must be equal to or greater than the work function of the electrode 
surface where pure metals are concerned. The presence of adsorbed 
gas in the surface of the electrode increases the secondary emission. 
Here the presence of the gas molecules under the surface molecules 
weakens the potential energy barrier and permits the kinetic energy of 
the impinging electron to become more effective. 

Secondary emission occurs at some electrodes in nearly all electron 
tubes. Sometimes its presence goes unnoted, sometimes it is a disturb¬ 
ing factor, and in other tubes it is employed for a useful purpose. Each 
case will be treated in appropriate future articles. 

Thermionic, emission is the liberation of electrons from a metal p ro¬ 
duced by the therm al agitation o f it s ato ms.^ The phenomenon is analo¬ 
gous to the evaporation of liquids. At normal temperature the mole¬ 
cules of a liquid have some thermal agitation, but few of those at the 
surface '^jump out” far enough to remain as vapor. With a rise in tem¬ 
perature the individual motions of the molecules become more violent 
and an increasing number do overcome the attraction of the liquid and 
do evaporate or ^'boil out.” In like manner, the electrons in a lioietal 
are closely held by electron affinity, and a relatively small number have 
sufficient thermal energy to break away from the surface at ordinary 
temperatures. With a rising temperature the thermal movement of 
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the atoms and the kinetic energy of the electrons increase so that more 
and more succeed in breaking through the potential energy barrier at 
the surface of the metal. As the electrons break out in space, the 
force of attraction of the positive image charge remaining on the metal 
soon overcomes the initial velocity of emission, and the electrons drop 
back into the metal. Thus, when operating in a zero electric field, the 
electrons never get very far from the surface of the heated metal. 

The phenomenon of thermionic emission may be conceived as illus¬ 
trated in Fig. 3. Let it be assumed that a filament or cylindrical con¬ 
ductor of tungsten is placed 
in a vacuum or in a space filled 
with inert gas at low pressure. 
At a certain temperature of the 
filament the thermal motion of 
the molecules and electrons be¬ 
comes great enough so that a 
number of electrons are thrown 
out as shown in part a of Fig. 
3. A further rise in tempera¬ 
ture of the filament will be ac¬ 
companied by an increase in the kinetic energy of the electrons and 
an increase in the number and initial velocity of those emitted (part 
b of Fig. 3). A still higher temperature of the filament will result in 
a greater agitation and velocity of electrons so that a cloud or at¬ 
mosphere of electrons will be formed as depicted in part c of Fig. 3. 
It should be understood that Fig. 3 represents an isolated filament and 
the surrounding space magnified many times. Many electrons emitted 
from the filament never travel over 0.01 millimeter before returning, 
and few go farther than 1.5 millimeters. It is obvious that the initial 
velocity of emission will vary over wide limits, a large number hav¬ 
ing a relatively low velocity and a few having a velocity sufficient to 
carry them into the outer region of the electron cloud. 

The initial velocity of emission that an electron must have in order 
to break away from a tungsten filament can be readily calculated 
from equation 9, page 8, where E represents the work function of 
tunesten in volts (Table 1). 


V ==J2-E = V2 X 1.70 X 10“ X 4.62 
m 

= 1.26 X 10® meters per second 
^ 2,820,000 miles per hour 



(a) 

Fig. 3. Changes of thermionic emission 
with temperature. 




EQUATION OP THERMIONIC EMISSION 2K 

The purity of an emitting material and the cleanliness of its surface 
have a considerable Ipearing upon the amount of thermionic emission* 
Wilson found that the emission of a hot platinum filament may be re¬ 
duced to 1/250,000 of its normal value by first heating it in oxygen or 
boiling it in nitric aqid. A small amount of hydrogen around a heated 
filament overcomes the effects of oxygen and nitric acid. The presence 
of a small amount of water vapor in a tube will greatly reduce the 
thermionic emission. Special care is used in the preparation of emitters 
to eliminate or neutralize the harmful effects of occluded gases and 
water vapors. Thermionic emission may be greatly increased by a sur¬ 
face layer (usually one atom thick) of thorium, barium, strontium, or 
calcium on a base of tungsten, nickel, and some other metals. 

Equation of ji'hermionic Emission. Early in the twentieth century 
0. W. Richardson reasoned that electron emission from hot solids bore 
a similarity to the evaporation from Jiquids. Using the classic kinetic 
theory, he developed icn equation representing electron emission and 
performed experiments that checked the correctness of his theory to his 
own satisfaction. Some contemporary scientists did not obtain equally 
satisfactory experimental results, which led Langmuir to refine the ex¬ 
periment by eliminating errors resulting from the presence of gas in 
the tube and impurities in the filament and thus to verify the form of 
Richardson’s equation. Richardson suggested a second equation for 
emission which was formulated by S. Dushman and checked experi¬ 
mentally. The latter equation, which holds general acceptance today, 
is as follows: 

I, = AT^€-^ ’’ (1) 

where = the emission current in amperes per square centimeter of 
emitting surface (saturation current density). 

T == the absolute temperature (degrees C + 273) = Kelvin. 

€ the natural base of logarithms. 

A = a constant. 

(*) Work function 

^ k Boltzmann’s constant (0.863 X 10“^ volt per degree K) 

The various factors that control electron emission from hot bodies 
have made it diflScult to correlate the values of constants derived from 
scientific deductions with those determined experimentally. Accord¬ 
ingly, the constants are determined by experiment and calculations, 
and the equation is treated as empirical. 
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For pure metals is a universal constant, but for coated metal 
cathodes both A and bo vary because of the degree of coverage of 
coated material, temperature, and other factors. Experimental values 
of the constants for some cathode materials are given in Table 2. 

TABLE 2 

A bo 

Tungsten 00.2 52,400 

Thoriated tungsten 3.0 30,500 

Barium oxide 0.01 12,000 

The curve representing the trend of Richardson^s equation is given 
in Fig. 4. It should be noted that this curve and equation 1 give the 

emission current (saturation current density) 
from a hot body or cathode and do not repre¬ 
sent the current that may pass to a plate or 
anode in an electron tube. 

Construction of Cathodes. The electrode 
from which electrons pass into the vacuum 
or gas in an electron tube is called the cath¬ 
ode, Cathodes may be classified as hot or 
cold. Hot cathodes may be either directly 
heated or indirectly heated. The directly 
heated type uses a filament construction as illustrated in parts a, b, 
and c of Fig. 5. The filament of parts a and b consist of a flat ribbon 
or round wire which is heated by current passing throughout. Part 
c shows a wire filament wound into a fine helix. The helical construc- 



Fig. 4, Curve of thermi¬ 
onic emission. 







/ 


(c) 


(d) 


Fig. 5. Construction of typical cathodes for vacuum tubes. 


tion is also used for other configtu’ations such as in parts a and 6. 
The material for the emitter of the filamentary cathodes of a, b, and 
c, Fig. 5, may be pure tungsten, thoriated tungsten, or an oxide-coated 
alloy of nickel. The cathode of the indirectly heated type is illus- 
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trated in parts d and e of Fig. 5. It consists of an oxide-coated sleeve ' 
or tube which constitutes the cathode proper plus a loop or twisted 
tungsten heating unit placed inside the sleeve. The tungsten heater 
is insulated from the sleeve by a coating of aluminum oxide. The 
cathode heater tube is usually made of nickel or some nickel alloy 
such as Konal—an alloy of nickel, cobalt, iron, and titanium. 

Tungsten Cathode. The desirable properties of a material for a 
thermionic emitter of electrons are a high melting point, a low work 
function, and a long life. Tungsten has been used as an emitter for 
many years. It melts at 3600 degrees K and is generally operated at 
temperatures from 2450 degrees K to 2600 degrees K. At these tempera¬ 
tures it can be operated for'several thousand hours to furnish an excel¬ 
lent supply of electrons. Tungsten has a relatively large work function 
so that its efficiency as measured in amperes of emission per watt of 
heating power is rather low. Pure tungsten was used in early electron 
tubes of all kinds and is still used in tubes that have a high plate volt¬ 
age (above 10,000) and wherever severe positive ion bombardment of 
the cathode is likely to occur. The characteristics of pure tungsten as 
an emitter are shown graphically in Figs. 6 and 7. 

Other metals that have been used sometimes for cathodes are 
tantulum, columbium, platinum, and molybdenum. Tungsten is pre¬ 
ferred because of its mechanical strength and because it can be obtained 
more readily. 

Thoriated-Tungsten Cathode. The thoriated-tungsten cathode was 
developed by Langmuir and his co-workers. This cathode is made of 
pure tungsten impregnated with approximately one per cent of thorium 
oxide (thoria). At its normal operating temperature of 2000 degrees 
K, the uncarbonized thoriated-tungsten cathode has an emission per 
unit of surface more than 10,000 times that of a pure tungsten filament. 
And its emission (at 2000 degrees K) is more than 90 times that of 
tungsten at the temperature of 2400 degrees K. 

The thoriated-tungsten cathode is prepared for service by being 
mounted in a tube and jieated to 2700 or 2800 degrees K for a few 
minutes. It is then operated at the normal operating temperature of 
1900 to 2000 degrees K. The first heating at the higher temperature 
reduces part of the thorium oxide to pure thorium. The thorium atoms 
thus formed diffuse through the body of the cathode and slowly come 
to the surface where they form a skin or layer one molecule thick. 
Thus the emission of electrons comes from the thin layer of thorium 
atoms which have a low work function and hence give a copious emis¬ 
sion. At the normal operating temperature, the thorium atoms are 
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evaporated slowly from the cathode but others from the inside diffuse 
to thi surface to take their place. If the thoriated cathode is raised 
to a higher temperature, the electron emission increases but the rate of 
evaporation of thorium also increases and, at a certain critical temper¬ 
ature of about 2200 degrees K, all the thorium atoms leave the surface. 
Since the diffusion from the inside cannot be rapid enough to replace 
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Fig. 6 . Emission of typical hot-cathode emitters. 


them, the emission drops to the value for pure tungsten. Thus the tem¬ 
perature of operation of this emitter is important in order to maintain 
the proper equilibrium between the thorium supplied from the interior 
and the amount distilled from the surface. 

After thousands of hours of service, all the thorium atoms within 
the cathode may be used for replacements and then the emission of the 
cathode will fall off. In general, the filament or cathode may be re¬ 
juvenated by heating it for a short time to 2800 degrees K and then by 
restoring the temperature to 2000 degrees K. The first step reduces 
more thorium oxide to thorium and probably drives from the filament 
certain impurities, such as gas atoms, which have become occluded in 
it during the period of operation. This step is sometimes called de¬ 
activation since it stops the emission of the thorium for the time being. 
The second step is known as activation. Under activation the normal 
diffusion of thorium restores the thorium atomic layer on the surface 
and within a few minutes the emission returns to its full value. The 
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quantity of thorium oxide in the cathode ia usually sufficient to repeat 
the deactivation and activation process several times. 

The thoriated-tungsten cathode is sensitive to bombardment by posi¬ 
tive gas ions which knock off the thorium surface atoms and reduce the 
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emission. This sensitivity has been reduced by a carbonizing treat¬ 
ment which is given to all thoriated-tungsten cathodes manufactured 
today. Two methods have been employed for carbonizing. In one 
method the cathode is placed in a vacuum for cleaning; acetylene gas 
under low pressure is then introduced and the cathode is “flashed^^ at a 
temperature of 2200 to 2300 degrees K. In this process the surface of ^ 
the cathode is reduced to tungsten carbide, W 2 C, which has a higher 
resistance than pure tungsten. During “flashing,” the cathode is hdd 
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at a constant impressed voltage until the current decreases by 7 to 10 
per cent of its original value. This decrease in current occurs when 20 
to 30 per cent of the cross section of the cathode has been converted to 
W 2 C. Further carbonization is undesirable because W 2 C is brittle 
and weakens the cathode to mechanical shock. Carbonization at a 
temperature lower than that suggested results in the formation of WC, 
which is unsatisfactory for the desired purpose. Carbonization can be 
effected by cleaning the cathodes in hydrogen vapor and then flashing 
at atmospheric pressure in nitrogen containing a low percentage of hy¬ 
drocarbon vapor such as hexane or benzene, with the same control as 
suggested previously. While 4000 volts has often been suggested as an 
upper limit for plate voltage for thoriated tungsten, successful opera¬ 
tion up to 10,000 and even 15,000 volts has been secured in carefully 
evacuated transmitting tubes. Normally, the carbonized cathode does 
not require any additional treatment for activation; when treatment 
is needed, it is the same as suggested earlier. 

The emission characteristic of the thoriated-tungsten cathode is 
illustrated in the curves of Figs. 6 and 7. This emitting material (un¬ 
carbonized) was widely used in the construction of tubes for radio re¬ 
ceiving sets during the period 1925-1930. The general adoption of the 
heater type of cathode after that period has confined the application 
of the thoriated-tungsten cathode to power amplifier tubes operating 
in the range of 750 to 5000 volts. 

Oxide-Coated Cathode. In 1904 Wehnelt discovered that a small 
amount of calcium oxide on platinum -greatly increased the electron 
emission. This discovery led to many experiments using various alka¬ 
line earth oxides placed on metallic cores and to the development of 
excellent cathodes. Barium and strontium oxide were found to be ex¬ 
cellent materials; a mixture of approximately 50 per cent barium oxide 
and 50 per cent strontium oxide provides a coating with satisfactory 
mechanical properties and a copious emission. 

The oxide-coated cathode is analogous to the thoriated-tungsten 
cathode in a number of ways. First, the addition of the oxide increases 
the emission as does the thorium coating. Second, the oxide-coated 
cathode has a high emitting efficiency like the thoriated-tungsten 
cathode. Third, any overheating of the oxide-coated filament above a 
critical temperature greatly reduces the emission. Fourth, the oxide- 
coated filament must be activated befoi;e it is ready for service. 

The base or core for the oxide-coated cathode is generally made of 
nickel because of its good physical properties and low cost. Several 
alloys have been developed for the cathode base, among which Konal 
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offers a speedy chemical reduction of the ojqde, giving a supply of the 
free alkaline earth metal for activation. The alkaline earth oxides are 
not stable in ordinary air; hence it is necessary to coat the core with 
their carbonates, nitrates, or hydroxides and subsequently to reduce 
these to oxides. The barium and strontium carbonates or nitrates may 
be applied to the emitter base by dipping the filament in a water sus¬ 
pension of the salts or by spraying the base with a suspension in any 
acetate with a little nitrocellulose for a binder. For tungsten filaments, 
hydroxide coatings may be applied by dipping the filaments in a bath 
of molten hydroxide. After the coating is applied, emitters are dried 
in air by heating. 

The prepared filament is now mounted in the tube in which it is to 
be used. The tube is evacuated and kept on the pumps while the 
cathode is heated to a temperature of about 1400 degrees K to reduce 
the coating to oxide. Unless some powerful reducing agent has been 
present, the filament will still be ^^unactivatcd.'' This means that its 
electron emission at the working temperature of 800 to 1000 degrees K 
is still very low. Activation is now brought about by (1) prolonged 
heating, (2) applying a potential of several hundred volts to the 
anode, or (3) both. When the electron emission becomes about 300 
milliampcres per square centimeter for a temperature of 1100 degrees 
K, there will be no further increase and the filament is ready for use. 
Activation means that free barium or strontium has been liberated 
from the oxide by chemical action, by electrolysis, by positive ion 
bombardment, or by a combination of these processes. The free nietal 
atoms are distributed throughout the body of the oxide and on its sur¬ 
face in such a way as to induce a copious electron emission from the 
outer surface. It is generally agreed that the emission comes from the 
metallic atoms and not from the oxide or the base of the cathode. 

After several thousand hours of normal use the emission from the 
oxide-coated cathode declines rather rapidly. When this point is 
reached the tube should be discarded since little can be done to restore 
its emitting property. Tubes using oxide-coated cathodes are fre¬ 
quently guaranteed for a life of 8000 hours and commonly operate 
for 20,000 hours and longer. The temperature emission characteristics 
of oxide-coated cathodes are shown in Figs. 6 and 7. 

Oxide-coated cathodes are made in both the filament and heater 
types illustrated in Fig. 5. The operating temperatures fpr these 
cathodes vary from about 800 to 1100 degrees, depending upon the 
emission required, the expected life, and the application. 
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Effect of Gas upon Emission. The presence of gases has a harmful 
effect upon the emission and operation of vacuum tubes. It has been 
pointed out that oxygen and water vapor greatly reduce the emission 
from some materials and that the bombardment by positive ions may 
destroy the emitting surface layer of coated cathodes. Thus it is im¬ 
perative that harmful gases be removed and, in the case of vacuum 
tubes, that all gases be removed as far as feasible. The gas that is 
present in a tube comes from two sources. First, there is the gas that 
occupies the open space in the tube, and, second, the gas that is oc¬ 
cluded or adsorbed in the surface of the metal, glass, and other mate¬ 
rials inside the tube. The occluded or adsorbed gas can be removed 
by heating the parts where it resides. This heating may be accom¬ 
plished by passing current through the material as in emitters, by plac¬ 
ing the tube in a high-frequency induction field, or by electron bom¬ 
bardment of electrodes. Oxygen may be removed by using hydrogen 
gas or by exhausting the tube and then refilling the space with an inert 
gas. The final evacuation is accomplished in two ways. First, a 
vacuum pump removes a large part of the gas, and then a material 
known as a ^^getter^’ completes the operation. The getter is a chemical 
substance, such as barium, magnesium, aluminum, and tantulum, that 
has the property of combining with gases when they are vaporized. In 
glass tubes a small amount of getter is mounted in a position where it 
will be heated and vaporized by the induction field. The effectiveness 
of the getter results from its chemical combination with the gases dur¬ 
ing flashing and from subsequent absorption of the gases by the residue 
of the getter which is deposited on the walls of the tube. The methods 
for the removal of gas are usually combined in various ways in the 
manufacture of vacuum tubes. 

Comparison of Emitter Materials. The chapcteristics of emitters 
vary so widely with the temperature and other<|factors that it is diffi¬ 
cult to make comparisons. An approximate comparison of emitting 

TABLE 3 



Tempeiia- 

Amperes 

Milli- 

Watts 


TURB 

PER Square 

AMPERES 

Required 

Cathode Material 

(Degrees K) 

Centimeter 

PER Watt 

. PER Ampere 

Tungsten 

2450-2300 

0.2-0.65 

3-8 

333-125 

Thoriated-tungsten 

1900 

1.15 

100 

10 

Oxide-coated 

8C0-11C0 

0.01-0.22 

50-300 

20-3.3 


eflSciency is given in Table 3. A slight increase in operating tempera¬ 
ture will increase the efficiency of emission at the expense of the ex- 
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pected life. At the optimum condition of operation a thoriated- 
tungsten emitter will give approximately 1 ampere of useful emitted 
current per square centimeter of surface. Under similar conditions the 
oxide-coated emitter may give only 0.1 ampere or less of useful current.' 
It might be concluded from this comparison that the thoriated tungsten 
was more desirable; this would be true if the volume of emitted current 
per unit area were the important factor. On the other hand, an oxide- 
coated emitter will require approximately one-tenth as many watts 
energy per square centimeter for operation as a tungsten cathode. 
This comparison points to the use of oxide coating for low exciting 
watts and small emission currents. It should be remembered that only 
tungsten will withstand positive ion bombardment where very high 
voltages are involved. 

The thoriated-tungsten filament is suitable for operation at fairly 
high voltages and is capable of being reactivated after the emission has 
been lost owing to temporary overload. The oxide-coatcd cathode has 
very high emitting efficiency, but it has a tendency to contaminate 
adjacent electrodes with small quantities of active emitting material so 
that emission may take place from these electrodes at relatively 
low temperatures. 

There is no best among the various emitting materials and each has 
its appropriate place in the field of application, depending on the re¬ 
quirements of operation and the economy of design. 

Applications of Emitter Materials. The oxide-coated cathode must 
always be used for the indirectly heated type because the other cath¬ 
odes require too high a temperature for satisfactory operation. This 
application covers nearly all the millions of tubes in use in alternating- 
current receiving sets. The oxide-coated filament type is best suited 
wherever quick ^^heat up^^ is necessary, and it is essential where a low 
heating energy drain is necessary because of long hours of operation. 
This application covers the thousands of tubes in service as telephone 
repeaters on the toll lines in America. 

Thoriated-tungsten and tungsten cathodes find their application in 
the power tubes used in radio, telephone, and carrier-current trans¬ 
mitters. 

In general, it may be said that (1) oxide-coated cathodes are used 
for tubes up to 100 watts with plate ratings up to 750 volts,* (2) 
thoriated-tungsten cathodes are used for tube capacities from 100 to 

* High plate-voltage ratings up to 20,000 volts have been used in gaseous tubes 
and large vacuum tubes having sufficient cathode-anode spacing. 
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1000 watts with plate voltages up to 4000 and 5000 volts, and (3) tung¬ 
sten is used for cathodes in tubes with ratings from 1 kilowatt up and 
plate potentials of 5000 volts and higher. 

Theories of Work Function. The emission characteristics of cath¬ 
ode materials are more readily understood when viewed in the light of 
theories of metals suggested in the 1930^s.* 
Under earlier concepts the electrons in metals 
at ordinary temperatures were assumed to 
have low energy values. Accordingly, the 
work function <l> was assumed to be the total 
y/ork necessary to remove an electron from a 
metal. The newer theories advanced by Som- 
merfeld, Fermi, and others have indicated that 
the electrons have much higher energies than 
The maximum energy of the electrons in a 
metal at low temperatures is found to be of the order of 10 volts. 
This new value has been confirmed by experiments of Davisson and 
Germer for the reflection of electrons from crystal surfaces. The new 
findings suggest a simple concept for emission, as shown in Fig. 8. 
Here the vertical distances indicate the energies of electrons in elec¬ 
tron-volts. Within the metal the electrons may have energies varying 
from zero to fi. In order to escape into the vacuum outside the surface 
boundary, a total energy equal to W is required. The difference in 
energy TF — /x = <^ is ordinarily termed the work 
function of the material and represents the values 
given in Table 1. 

The concept represented in Fig. 8 for the sur¬ 
face potential boundary is an ideal one, but it 
fails to account for the effect of the image force 
which is exerted as soon as the electron emerges. 

The action of the image charge is shown in Fig. 

9 for a small magnified area on the emitting sur¬ 
face. Whenever an electron of charge e emerges from the surface by 
a distance x, it is subject to a forep due to the image charge +e, in 
accordance with Coulomb’s law. 
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previously considered. 


Force = 




♦Much of the material in this article has been taken with permission from 
Notes on Industrial Electronics by I. E. Mouromtseff and D. E. Marshall of 
Westinghouse Electric Corporation. 
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To move the electron away from the surface against this force requires 
a varying amount of energy. Since the surface is not smooth, the dis¬ 
tance X is hard to define for small values (a few atomic diameters). 
Hence it is permissible to assume that for small values of x the force 
will vary linearly, and that for larger values it will vary in accordance 
with Coulomb’s law. This assumption will give a more realistic con¬ 
cept of the energy required, as shown in Fig. 10. The ordinates of the 
curved boundary line on the right indicate the total energy {ev) that 
the electron must acquire to move to the given distance from the sur¬ 
face when in free space (zero electric field). Here W again represents 
the total energy required for emission. 


W (total energy to move e to oo) 



The emission from hot cathodes does not follow Richardson’s equa¬ 
tion when an electric field is applied in the surrounding region. 
Schottky showed that this phenomenon was due to a lowering of the 
work function or the surface potential barrier by the external electric 
field. The phenomenon is known as the Schottky effect. Schottky 
derived the following equation: 

I ^ (2) • 

where Iq = current from Richardson’s equation with zero field. This 
equation agrees with experiment to within a few per cent for fields up 
to 10® volts per centimeter for smooth pure metal surfaces. Under 
normal operating conditions where the applied field is of the order of 
2000 volts per centimeter, the increase in emission due to this field is 
about 10 per cent at 2000 degrees K. A graphical concept of the 
Schottky effect is given in Fig, 11 which follows from the discussion 
of Fig. 10. The ordinates of the line labeled ‘‘applied field” show the 
energy given to the electron by the applied field as the electron moves 
away from the surface. Obviously, this energy must be subtracted 

*E is electric field at c£^thode surface. 
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(dotted line above) from the energy required for escape in a zero field, 
giving a net energy shown by the full line. The maximum height of the 
escape curve is W\ leaving a difference T7' — jti = which is the extra 
energy or work function for the conditions assumed. 

The preceding theory showing the effect of an external applied field 
can be employed to explain the phenomenon of high-ficld emission. In 


Zero field W 



Zero field W 



Fig. 12, a very high field is shown by the dotted line. When the force 
of this high field is acting upon an escaping electron, the energy that 
must be possessed by the electron is indicated by the full-line energy 
curve. Since the maximum height of this energy curve is W', it is ap¬ 
parent that those electrons within the surface of the metal that have 



energies between TF' and fi may readily escape even at normal or low 
temperatures. This is high-field emission. Such emission usually 
gives large currents which are likely to be destructive to the cathode 
surface. 

The preceding concepts of work function at surfaces can be applied 
to other than pure metal cathodes. For the thoriated-tungsten cathode 
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the potential barrier at the surface is pictured in Fig. 13. The ideal 
arrangement on the left shows the higher work function of the tung¬ 
sten Wtu and the lower one of thorium Wth» The ideal picture is modi¬ 
fied by the image force at the surface, giving the more probable po¬ 
tential barrier relation shown on the right. Apparently the electrons 
possess sufficient energy to carry them through the hump with enough 
remaining energy to escape after emerging into the lower work func¬ 
tion region. Another somewhat obscure factor known as polarization 



enters into the picture. Polarization means that the thorium atoms on 
the surface of the tungsten reorient themselves in such a manner as to 
reduce the value of the work function W' below that of thorium on 
thorium. Note also that an external field will become more effective 
in reducing the final value of TF' after electrons pass over the hump. 
This explains the fact that the emission from both the thoriated-tung- 
sten and oxide-coated cathodes is much more sensitive to the effect of 
external fields. Similar diagrams for the required emission energy for 
oxide-coated cathodes are given in Fig. 14. Here the emitted electrons 
must pass through two potential barrier humps in order to escape. 
Electrons in the process of emission must overcome the work function 
of the core Wc, the oxide Wo, and the surface barium atoms Wj, before 
liberation is achieved. 

Problems 

1. What must be the initial velocity of an electron in centimeters per sec¬ 
ond in order to be emitted from (a) thorium? (b) thoriated tungsten? (c) 
barium? (d) barium oxide? 

2. Assume that a certain timgsten cathode emits 1 milliampere of current 
at 2100 degrees K. Calculate and plot the curve of its emission through 
points 1800, 2000, 2200, 2400, 2600, and 2800 degrees K, using Richardson’s 
equation. 
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3. Repeat Problem 2 for a thoriated-tungsten filament emitting 1 milli- 
ampere at 1500 degrees K for a range of 1400 to 2200 degrees K. 

4. Repeat Problem 2 for a barium oxide filament emitting 1 milliampere 
at 800 degrees K for a range of 800 to 1200 degrees K. 

5. A certain tungsten cathode is operated by an applied potential of 5.0 
volts and 1.0 ampere and supplies a saturation emission current of 60 milli- 
amperes. What per cent of the input is transformed into effective energy of 
emission? 

6. A thoriated-tungsten cathode emits 1.15 amperes per square centi¬ 
meter at 1900 degrees K. What will be its emission at 2300 degrees K? 

7. Using Table 1 and equation 1, calculate the curve of emission for 
tantalum for temperatures between 2000 and 2800 degrees K. 

8. A tungsten filament has a diameter of 0.025 inch and operates at 2500 
degrees K. What must be the length of the filament to give a saturation cur¬ 
rent of 0.5 ampere? 

9. A barium oxide-coated cathode consists of a cylinder 0.1 inch in diameter 
and 1.0 inch long. What will be the saturation current when the cathode 
operates at 1000 degrees K? 

10. Calculate the ratios of the saturation emission currents from tungsten, 
thoriated-tungsten, and barium oxide-coated cathodes for normal operating 
temperatures of 2400,1900, and 1000 degrees K. 

REFERENCES 

Richardso]^^, 0. W., Emission of Electricity from Hot Bodies, Second Edition, 
Longmans, Green <fe Co., 1921. 

Langmuir, I., “The Electron Emission from Thoriafed-Tiingstcn Filaments,” 
Phys. Rev,, 22, 357 (1923). 

Dushman, S., “Thermionic Emission,” Rev, Modern, Phys,, 2, 381 (1930). 



Chapter III 

VACUUM DIODES 


Unilateral Conductivity. Edison s early experiment in which he 
observed the ^^Edison effect” showed that electrons would pass from 
a hot filament or cathode to a cold plate whenever the plate was at a 
positive potential with respect to the filament, but that no electrons 
would pass in either direction if the plate was at a lower potential 
(negative) with respect to the filament. This property of a device 
which permits electrons to flow in one direction only is called unilateral 
conductivity. The unilateral conductivity of a tube having two elec¬ 
trodes, one hot and the other cold, was utilized by Fleming for the 
detection of high-frequency radio waves. This device, known as the 
Fleming valve, was patented by him in 1905. The Fleming valve was 
important in the early application of radio telegraphy, and it was one 
of the leading discoveries in the history of electronics.*^ 

Contact Electromotive Force. Volta discovered that, when two 
different metals were placed in contact and then separated, they 
acquired electric charges. He also discovered that, when two different 
metals were placed in an electrolyte and joined by a wire outside the 
electrolyte, a current was established in the circuit. The action caus¬ 
ing such a difference of potential is called contact electromotive force 
and can be explained on the basis of the electron theory by that in¬ 
trinsic property of metals known as electron afiinity. 

To understand this phenomenon, consider the configurations of the 
blocks of tungsten and nickel shown in Fig. 1. If the two blocks are 
placed as in part a and are in an uncharged state, there will be no 
difference of potential between them. Now, if they are brought to¬ 
gether as in 6, their contact surfaces must come to the same potential, 
but, when they are separated again to position a, they '#ill exhibit a 
difference of potential and an electric field will exist between them. 
Joining the two blocks by a conductor as in c accomplishes the same 
result as moving them to position 6 and back to a. After the conductor 
connects the blocks in position c, a difference of potential exists between 
the blocks. The differences of potential mentioned here must be 

’•‘See frontispiece. 
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measured with apparatus that does not require current for its oper¬ 
ation. 

The reason for this strange phenomenon is as follows: The surface 
of the tungsten block has a potential energy barrier equal to its work 
function of 4.52 volts. Similarly, the nickel block has a potential 
energy barrier equivalent to 4.0 volts. When the two blocks are 

brought in contact as in b, the potential 
energy barriers must come to a common 
level. Since the nickel block has the lower 
electron aCnity, electrons move from it 
across the boundary of contact into the 
bounding surface of tungsten and are held 
there by the image forces. When the 
blocks are separated the image charges 
are too far apart to have appreciable 
effect, the transferred electrons redistrib¬ 
ute themselves over the blocks, and the 
nickel block is positive with respect to 
the tungsten. The difference of potential 
now existing is equal to the difference in 
the work functions, or 4.52 — 4.0 = 0.52 
volt, and is the contact electromotive jorce 
for these metals. In the action described 
the metal with the lower work function 
becomes positive, and hence this metal 
is said to be electropositive with respect to the other. 

In the manufacture of electron tubes the electrodes are frequently 
made of different metals. These electrodes are usually joined by a 
circuit (conductor) similar to configuration c in Fig. 1. The contact 
emf^s between these electrodes are added algebraically to any other 
differences of potential in these circuits. While these contact emf^s are 
small in magnitude (usually a fraction of a volt), they may have a 
bearing on the operation of the tubes in which they exist when rela¬ 
tively low potentials exist on the electrodes. In high-mu triodes (such 
as 6Q7), which have a mu of approximately 100, the contact emf be¬ 
tween the cathode and grid may be sufiicient to provide the negative 
grid bias.* 

, Theory of Rectification in Vacuum. The theory of unilateral con¬ 
ductivity is simple and follows directly from the principles covered in 

* Grid bias will be discussed in Chapter IV. 



(c) 

Fia. 1. Configurations illus¬ 
trating contact electromotive 
force. 
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previous chapters. It will be assumed first that a hot electrode (c^ith- 
ode) and a cold electrode (anode) are placed in a tube where a good 
vacuum exists. The anode will be free (not connected to anything), 
as shown in Fig. 2. The battery A supplies current for heating the 
cathode, and when the optimum temperature is reached a cloud of elec¬ 
trons will surround the cathode. Each of the individual electrons in the 
cloud is thrown off with some initial velocity, and it moves out toward 
the anode against an attraction from its image positive charge on the 
filament. Since the anode is of neutral potential, it does not influence 
the electron. In all probability the kinetic 
energy of the electron due to initial velocity 
of emission will be overcome before it 
reaches the anode, and it will drop back 
to the filament. Now as point x is moved 
from a towards 6, the current in the fila¬ 
ment rises, which raises the temperature of 
the cathode, increases the rate of emission, 
and increases the initial velocity of emis¬ 
sion of electrons. As this process is con¬ 
tinued, a point will be reached 'where a few 
electrons will have a sufficient initial veloc¬ 
ity to carry them over to the anode wdiere 
they will ^^stick.^’ The presence of these 
electrons on the anode will give it a negative charge, and this charge 
wdll now repel those electrons that approach the anode. Obviously, 
a point of equilibrium will soon be reached where no more electrons 
will become attached to the anode for the given temperature of the 
filament. If, now, point x is moved nearer to h, the initial velocity 
of some electrons will be raised so that they can overcome the small 
repulsion of the anode and land on it. Again, the negative potential 
on the anode wdll rise and a new condition of equilibrium will be 
reached. Since the anode is free and insulated electrically, the elec¬ 
trons that land on it have no avenue of escape. 

If the circuit of Fig. 2 is changed by connecting the anode electrically 
to the filament as shown in Fig. 3, the action of the device is altered 
considerably. 

The joining of the electrodes introduces a contact emf if different 
metals are involved. Assuming that the filament of the cathode is 
tungsten and the anode is nickel, a contact emf of 0.52 volt will exist 
with the anode positive with respect to the cathode. When the temper¬ 
ature of the cathode becomes suflSciently high, the initial velocity of 
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emission of some electrons will carry them to the anode as in the pre¬ 
ceding case. This movement of electrons to the anode will be affected 
by the contact emf now present, and for the metals assumed the posi¬ 
tive value on the anode will aid (attract) the passage of the electrons. 
Thus the electron transfer will be larger than in the preceding case. 
The electrons that land on the anode will not accumulate as before, 
since they are free to return to the cathode via the external conductor. 
Thus a very small continuous electron current will be produced by the 
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electrons passing through the vacuum from cathode to anode and re¬ 
turning via the external path. 

The addition of a battery in series with the anode circuit, as shown 
in Fig. 4, gives one common circuit for the use of the two-electrode 
tube. The theory of action becomes an extension of the preceding dis¬ 
cussion. The hot cathode emits a cloud of electrons. Each electron 
that leaves the cathode is subject to a number of forces and factors 
that determine whether it moves over to the anode. The jtet faetor is ^ 
the initial velocity of emission determined by the temperature of the. 
eathode. A second factor is the positive image charge on the cathod^. 
A third and new factor is the attraction of the positive charge on the 
anode for the electron. A fourth factor is the negative space charge, 
which will be explained in the next article. The contact emf, if present, 
is a minor factor. The initial velocity of emission and the attraction of 
the anode are positive factors tending to carry the electron over to the*^ 
anode. The attraction of the cathode is a negative factor and the nega¬ 
tive space charge in general is also negative or opposing in its action. 
If the polarity of the B battery in Fig. 4 is reversed so that the anode 
becomes negative with respect to the filament, the anode will repel the 
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electrons that approach it and, except for a very low negative potci^titl 
(fraction of a volt), no electrons will ever be able to land on the anode. 
Here the negative anode becomes the controlling factor and accounts 
for the unilateral conductivity of this type of vacuum tube. It should 
be noted that the positive potential placed on the hot cathode will not 
secure electrons from the negative anode because the anode is cold 
and is not a source of electron emission. 

Negative Space Charge. The individual electrons emitted from a 
cathode are negative charges and as such they exert a force of attrac¬ 
tion or repulsion upon surrounding 
charged bodies and particles. The 
cloud of electrons emitted from a 
filament thus acts as a charge or 
field in the region surrounding the 
cathode (Fig. 5). This cloud is very 
dense close to the filament and grows 
thinner rapidly as the distance from 
the filament is increased. The action 
of this space charge on an individ¬ 
ually emitted electron is easy to 
analyze. As the electron breaks 
through the surface of the filament, 
it IS repelled by the millions of other 
emitted electrons lying close to the 
filament as well as by those farther 
away. Thus at this point the space charge exerts a very power¬ 
ful opposing effect upon this electron. As the electron moves out 
farther, as illustrated in Fig, 5, it is repelled toward the filament by all 
electrons in space between it and the anode and is repelled (aided) to¬ 
ward the anode by all electrons in space between it and the cathode. 
Obviously, the effect of space charge varies with the position of the 
electron under consideration. It is retarding for positions close to the 
cathode and aiding at positions nearer the anode. 

The influence of negative space charge may be explained by means 
of potential distribution curves. Figure 6 (part a) illustrates a two- 
electrode tube having electrodes C and A with a difference of potential 
eff 100 volts between them. Obviously, the potential at C is zero or 
ground potential, and, as the point of view moves from C to A, the 
potential must rise from zero to 100 volts. The manner of rise of po¬ 
tential from C to A may be shown graphicallyby curves as in part h 
of Fig. 6. If C and A consist of two large cold parallel plates, the 


Anode or 



Fig. 5 Negative space charge sur¬ 
rounding a hot cathode. 
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change of potential along a line near the center of the plates will be uni¬ 
form (a constant potential gradient) and may be represented by the 
straight line a. If (7 is a small round wire (cold) and A is a, hollow 
concentric cylinder surrounding C, the potential gradient near the wire 
will be high (owing to strong electrostatic field) and then will fall off 
as A is approached. Such a gradient may be represented by the dotted 
curve 6. If C is a hot filament wire, the potential distribution may be 
a curve like c. Here the negative space charge surrounding the hot 


Cathode Anode 




Fig. 6. Potential distribution in a two-electrode vacuum tube. 

cathode depresses the potential in that region so that the curve dips 
below a straight line near C, If the cathode is heated to a high value, 
the electron emission and the space charge around C may become great 
enough to cause the potential in space near C to be actually lower 
than that of C and to give a potential distribution indicated by line d. 
If one imagines an electron being carried the distance from 0 to X, Fig. 
6, curve d, it is easy to understand the depressing or opposing influence 
of the space charge near the cathode. 

The negative space charge is very effective in limiting the number of 
electrons that pass to the anode of tubes having a high vacuum. It is 
so effective that it was once believed that there would not be any elec¬ 
tron current in a perfect vacuum. Space charge can be overcome by 
high anode potentials and its effect can be neutralized by the presence 
of positive ions, as will be explained later. 

Construction of Anodes, The anode is always the electron-collecting 
electrode in an electron tube. In the first tubes built, the anode was 
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constructed in the form of a little plate or sometimes two little platw 
connected in parallel and placed on each side of the filament type of 
cathode. The name plate has persisted down to the present time for the 
anodes of tubes used in communication circuits. For tubes used in 
power circuits and photoelectric devices, the term anode is more gen¬ 
erally used. It is unfortunate that the term plate persists as applied 
to the anode because plate is a more fitting term for the electrostatic 
deflection electrodes used in cathode-ray tubes and similar devices. In 
describing tubes in this textbook, 
the author will attempt to use 
whichever term, anode or plate, 
lias the most general acceptance 
in handbooks giving tube charac¬ 
teristics. 

The anode or plate is usually 
constructed so that it surrounds 
the cathode in the vacuum type of 
electron tube. This construction 
reduces the length of electron path 
and the resultant potential drop from cathode to plate. The typical 
plate structure is a hollow tube of circular, oval, or rectangular cross 
section, as illustrated in Fig. 7. 

Many different materials have been used for constructing anodes. 
The desirable mechanical properties for this service are easy work¬ 
ability, mechanical strength at high temperatures, high thermal radia¬ 
tion, and low vapor pressure. Tungsten has desirable properties, but 
it is hard to form and hence has little use today for anode construction. 
Molybdenum has all desired properties except high heat emissivity. 
This weakness is overcome by use of radiating fins and a roughening 
of its surface and coating with materials such as zirconium powder 
(sintered). 

Graphite has considerable use as an anode material. Its principal 
weakness is that it absorbs more gas than other materials. Nickel has 
a low melting point but can be used for low-power tubes. It is usually 
carbonized by a process wherein a well-adhering layer of amorphous 
carbon is deposited on the nickel. This process provides a heat emis¬ 
sivity approaching that of a black body and serves to reduce secondary 
emission. Tantalum is a satisfactory material for anode construction 
and is finding an increasing application in this field. Like molybdenum, 



Fig. 7. Typical plate structures. 
(Courtesy Radio Corporation of 
America.) 
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it usually requires fins on the anode and a roughened surface to in¬ 
crease the heat-radiating area. 

The principal limitation in the design of an anode is its heat-radiat¬ 
ing ability. The anode receives heat from two principal sources: (1) 
the heat radiated from the cathode and (2) the heat generated by the 
impact of the impinging electrons from the cathode. 

If an electron is not intercepted in its flight from the cathode to 
anode, it strikes the anode with a kinetic energy equal to In 

high-vacuum tubes this kinetic energy is equal to the anode potential 
times the charge on the electron, or 

e^e = 

All this energy must be transformed into heat. Thus the power 
represented by anode voltage times the anode current is transformed 
into heat energy at the anode, and this energy must be dissipated by 
radiation, convection, and conduction to the outside medium. It is of 
interest to know that the bombardment of the anode by the electrons 
does eject numerous electrons from the anode through secondary emis¬ 
sion, The electrons of secondary emission fall back into the anode and 
danot affect the magnitude of the anode current in the diode. 
^Characteristics of a Vacuum Diode. A two-electrode tube having a 

atmosphere or less is called a high-vacuum 
diode. A vacuum diode has two charac¬ 
teristics that are fundamental in under¬ 
standing the operation of two-electrode 
tubes and the multi-electrode tubes to be 
covered in succeeding chapters. The two 
variables in the diode are the electron 
emission of the cathode and the potential 
applied between the cathode and the 
plate. If one is held constant and the 
other is changed, the two characteristics 
can be observed. 

The plate-voltage characteristic of a 
diode can be determined by connecting 
the tube in the circuit of Fig. 8. The fila¬ 
ment or heater current should be held at 
rated value to give normal electron emis¬ 
sion, and then the potential between the plate and cathode can be 
varied from zero up to a high value. The resulting change of plate cur- 


gas pressure of about 10“® 



Fia. 8. Circuit for determin¬ 
ing the voltage saturation 
characteristic of a vacuum 
diode. 
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rent it with the variation in plate voltage is given in Fig, 9 for two dif¬ 
ferent values of filament voltage. In both, the lower part of the curve 
rises rather slowly at first, then more rapidly for a time, and ultimately 
bends over and tends to flatten out or become horizontal. The slower 
rise of the plate current initially is caused by the strong retarding 
influence of negative space charge. For the lower curve the plate cur¬ 
rent begins to flatten out after 60 volts is reached. At this point the 



0 20 40 60 80 100 120 140 160 180 200 220 240 260 
Plate volts 


Fig. 9. Plate-voltage characteristic of a vacuum diode. 

plate is attracting the majority of all electrons emitted, and a kind of 
“saturation’^ is rapidly approached as the plate voltage is raised 
further. If the filament temperature and resulting emission are raised 
by impressing a higher voltage on the filament (upper curve), satura¬ 
tion will be reached at much higher plate potential values. This is to 
be expected, for, with the emission of electrons greatly increased, the 
space-chairge effect will be increased and also a higher plate voltage 
will be needed to attract the additional electrons before saturation is 
reached. The characteristic curves of a vacuum diodMinder discussion 
are frequently called voltage saturation curves. 

The plate-current plate-voltage characteristic curve for a 

vacuum diode is represented by an equation due to Childs, 
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ih 



(1) 


where ih ** total plate current. 

eh ~ total plate voltage. 

X = distance between electrodes. 

A = constant which depends on the geometry of the electrodes. 

For a given tube where x is constant, the equation reduces to 

h = (2) 

It should be noted that Childs’ equation holds where all points of the 
cathode are at the same potential and at the same distance from the 

plate as in the heater type of 
cathode. This condition does 
not exist where the cathode is a 
filament having a varying po¬ 
tential along its length. Childs’ 
equation also does not hold after 
saturation is approached or if 
electrons are emitted with an 
initial velocity. 

The total plate current 4 cov¬ 
ered bij Childs^ equation and 
the preceding discussion should 
never be conjused iirith emission 
currents However, after satu¬ 
ration the plate current does 
represent the total emission current but not before, 

A second characteristic of the diode is determined from the circuit 
of Fig. 10 by holding the plate supply potential constant and vary¬ 
ing the filament current from zero up to the maximum permissible.! 
The variation of plate current for a series of plate supply potentials 
is illustrated in Fig. 11. The trend of these curves is approximately 
the same as those of Fig. 9 but the cause of the trends is reversed. The 
initial plate current is limited by emission, since the plate is attracting 
all the electrons being emitted. The trend of this part of the curve is 
similar to the curve that follows Richardson’s equation. The 4 curve 

♦The exponent of is % for parallel-plane diodes. Other configurations re¬ 
quire different exponents. 

t See symbols for electron-tube circuits in front of book. 


h 



Fia. 10. Circuit for determining the 
temperature saturation characteristic of 
a vacuum diode. 



RECTIFICATION OF ALTERNATING CURRENTS « 

tends to flatten out at the higher filament currents because of the 
negative space-charge effect. Thus at low filament currents and tem¬ 
peratures the space charge is negligible and the plate attracts all the 
electrons emitted, but as the cathode emission rises the space-charge 
effect becomes stronger and stronger and finally prevents the plate 



0.9 1.0 1.1 1.2 1.3 1.4 

Filament current in amperes 

F.cj. 11. Cathode-uurrent characteristic of a vacuum diode. 

from attracting additional electrons even though more are available 
in the expanding electron cloud. The curves of Fig. 11 are some¬ 
times called temperature saturation curves. In these the plate at¬ 
traction is constant with the negative space charge growmg strongo*,. 
whereas in Fig. 9 the negative space-charge effect is constant and 
plate attraction is growing stronger. In Fig. 11, the plate-current 
curve for Eti = 100 volts rises more rapidly from zero because of the 
Sjjhottky effect (page 35). 

Rectification of Alternating Currents. The unilateral property of 
the two-electrode tube suggests a simple method of rectifjnng ^emat- 
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^ing current of transforming it to a unidirectional current. A two-elec- 
trode tube of the vacuum type is connected in a circuit as indicated in 
Fig. 12 with an alternating voltage impressed between the cathode and 
plate and a low-voltage a-c supply for the cathode heater. On the top 
half of the alternating-voltage cycla (part b) the plate is positive and 

electrons will pass to it. The 
Electrons electron flow will produce a cur¬ 

rent loop as indicated in part c. 
When the voltage drops to zero 
the current drops to zero, and 
when the plate becomes negative 
it repels the electrons emitted 
and no current results. Thus 
the alternating voltage results in 
a pulsating direct current which 
is termed half-wave rectifica- 



(a) tion. If it is desired to utilize 

the idle portions of the alternat¬ 
ing-voltage loops, a second rec- 
^ /a /^\ /\ tifying tube may be added as 

S Q / \ / \ / \ shown in Fig. 13. An analysis 

^ • V / Time \ T of the operation of this circuit 

\y \y will show that, when the alter- 

nating-current supply main Li 
£ + positive, the elec- 

I Q trons move in the direction 

Time shown by the full-line arrows. 

Conversely, when the supply 

_ , , main on the right is positive, 

Fig. 12. Circuit and curves showing ,, , . • t i 

half-wave rectification of alternating the electrons move as indicated 

current. by the dotted-line arrows. This 

action gives a full-wave recti¬ 
fication of current in the d-c load circuit as illustrated by part c 
of Fig. 13. This pulsating form of direct current is satisfactory for 
charging storage batteries and for electroplating. Whenever a steady 
d-c voltage or current is necessary, the pulsations can be smoothed out 
by filters as will be explained in Chapter XIV on rectifiers. 

A simple circuit of a rectifier, a filter, and a potential divider is 
given in Fig. 14. This complete unit is called a power pack and is 
widely used in radio receivers, jadio transmitters, and other electronic 
assemblies as the source of d-c voltage. The resistor at the right of 


Circuit and curves showing 
rectification of alternating 
current. 
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!^ig. 13. 



Circuit and cui ^ cs showing full-wave rectification of alternating current. 


Choke Choke 



Ffo. 11. Circuit for a power pack. 
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FULL-WAVE HIGH-VACUUM RECTIFIER 


Filament—coated 
Voltage 
Current 

Peak inverse voltage, max 

Peak plate cuiieut per plate, max 

With Condenner-Input Fitter 
A-c plate voltage per plate (rms), max 
Total effective plate-supply impedance 
jier plate, min 
D-c output current, max 

With Choke-Input Filter 
A-c plate voltage per plate (rrns), max 
Input-choke inductance, mm 
D-c output current, max 


o.O 

2.0 

1400 

375 


a-c volts 
amp 
volts, 
ma 


350 volts 

50 ohms 
125 ma 


500 

5 


125 


volts 

henries 

ma 



0' 20 40 


60 80 100 120 140 

Plate volts d-c 


TWIN DIODE 


Heater—coated unipotential cathodes 
Voltage 6,3 volts 

Current 0.3 amp 

Direct interelectrode capacitances 
Plate 1 to cathode 1 3.0 

Plate 2 to cathode 2 3.4 gfif 

Plate 1 to plate 2, max 0.10 ppi 

Rectifier 

A-o plate voltage, max 117.0 volts 

D-c current, max 4.0 ma 


Fig. 15. Vacuum rectifier tubes and characteristics. 

tion of America.) 



(Courtesy Radio Corpora- 
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KENOTRON 

WIv-456 


HiaH-VoLTAQB Vacuum Rbsctifxsb 


General Characteristice 
Air-cooled diode 
Filament voltage 
Filament current 
Filament heating time 
Net weight 
Shipping weight 

Maximum Ratings 

Anode voltage, peak inverse 
Anode current, peak 
Anode cm rent, average 


11 volts 
20 amp 
30 sec 
2 1b 
61b 


140,000 volts 
500 ma 
60 ma 



0 200 400 600 800 1000 1200 1400 1600 1800 ,.2000 

Tube voltage drop 


Fig. 16. Rating and characteristics of a high-voltage vacuum diode. (Courtedgr 
Westinghouse Electric Corporation.) 
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the circuit with its numerous taps serves as a potential divider for 
furnishing a selection of voltages. 

Applications of High-Vacuum Diodes. The applications of the 
vacuum diode are determined by its inherent properties. It is essen¬ 
tially a rectifier. Its plate current is limited by the negative space 
charge, so it has a small current rating. The potential drop from 
cathode to plate is rather high and varies with the plate current. This 
large voltage drop results in a low efficiency of rectification unless high 
voltages are used. In the low-voltage field the vacuum diode is used 
as a detector of radio signals and in power packs for radio receivers 
requiring currents of low magnitude. The characteristics of two tubes 
for this type of service are illustrated in Fig. 15. The vacuum diode 
will withstand a high inverse voltage, i.e., a high negative potential 
on the plate, without an arc-back. This makes it very desirable for 
high-voltage, low-current rectification. Thus it is widely used for 
furnishing direct current of the order of 1000 to 100,000 volts for X-ray 
machines, radio transmitting tubes, smoke precipitators, and dust elimi¬ 
nators. Vacuum diodes for the latter class of service are known as 
kenotrons. A typical kenotron and its rating and characteristics are 
illustrated in Fig. 16. 

Problems 

1. A certain vacuum diode has an emission of 10 milliamperes for a plate 
potential of 50 volts. Assuming that Childs’ law holds for the tube, calculate 
and plot the saturation-emission current for 20-volt stops from zero to 100 
volts on the plate. 

2. Assume in Fig. 16 a cathode-anode separation of 2 centimeters and a 
peak applied potential of 20,000 volts. What will be the velocity of an elec¬ 
tron when it hits the anode if it left the cathode with zero initial velocity? 
What will be the energy of this electron on impact in (a) electron volts? (b) 
joules? 

3. What is the average internal or plate resistance of the upper vacuum 
diode shown in Fig. 15? 

4. Calculate Problem 3 for the kenotron of Fig. 16, when Ef- 11 volts. 

5. The kenotron of Fig. 16 is employed for half-wave rectification, feeding 
a load resistor of 10,000 ohms. 'V^Tiat is the voltage across the load resistor 
when the drop across the tube is 1000 volts? What power is being dissipated 
at this instant in the load? within the tube (including filament power)? 

REFERENCE 

McArthur, E. D., “Electronics and Electric Tubes,” Gen, Elec, Rev,, Decem¬ 
ber 1933. 



Chapter IV 

GRID-CONTROLLED VACUUM TUBES 


Three-Electrode Vacuum Tube. In 1907 De Forest afljied a third 
electrode to the Fleming valve and called the n ew devifip thft midi nn. 
The third electrode, which he called a grid, consisted of a zigz ag wir e 
which was placed in a vacuum tube between a heated filament and a 
plate. The value of the grid lay in its ability to control the electron 
current between the cathode and the plate, and this invention consti¬ 
tuted the most important development of the twentieth century. It has 
extended the field of communication by wire across continents, it has 
made possible radio communication around the world, and it is now 
revolutionizing the use and control of electric power in the industrial 
world. 

The modern three- ele ctrode vacuum tube, known by the family name 
of triode, uses cathodes and plates like those described in the preced¬ 
ing chapters. The grid is usually a coil of fine wire wound in the 
form of a helix and interposed between the cathode and plate. The 
construction may consist of circular concentric cylinders as shown 
schematically in part a of Fig. 1, or it may utilize oval or oblong 
cylinders as in part c of the same figure. The standard symbols for 
the triode are given in part b of Fig. 1; the upper symbol represents 
the filament type of cathode and the lower the heater type. The cath¬ 
ode heater is not an electrode. < 

Theory of Grid Action. The grid of the three-electrode vacuum 
tube functions by a change of the charge residing upon the grid. This 
change in charge (and potential) serves to control the electron stream 
between the cathode and the plate. The process of control can be 
visualized in a number of different ways. One simple visualization fol¬ 
lows from Fig. 2, which is a schematic diagram of a cross section taken 
through the axis of a three-electrode tube. Here the helical wire grid 
appears as circles. When the cathode is heated it will emit a cloud of 
electrons, part of which wilbbe attracted over to the plate by its posi¬ 
tive charge. The electrons that go to the plate must pass throu^ the 
meshes of the grid and hence will be affected by the potential residing 
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on the grid. Assuming that the grid is positively charged with respect 
to the cathode, an electron in position a will be subject to several 
forces acting on it: first, the initial velocity of emission; second, the 




Fio. 1. (a) Sc'hrmatic triodo. (b) Tnode symbols, (r) Triode paits and as¬ 

sembly. (Courtesy Radio Corporation of America.) 


attraction back to the cathode due to the image positive charge left on 
the cathode; third, the influence of negative si)ace charge; fourth, the 
attraction due to the plate; and, last, the attraction of the charge on 

tJie grid wires. The attraction of the grid 
wires will be in the directions indicated, but 
the resultant of all these forces will be 
toward the plate. Thus the grid aids (con-^ 
trols) the passage of electrons to the plate. 
If an electron progresses to the point shown 
at b, it will be subject primarily to three 
influences: fl) its instantaneous velocity, 
(2) the attraction of the plate, and (3) the 
resultant attraction of the grid wires. This 
resultant force of the grid wires is zero, and 
hence the grid is now ineffective, but it has 
upon eleotronr accomplished its task in helping the electron 

triode. to escape from the cathode and the repul¬ 

sion of negative space charge. An electron 
in the position c is subject to the same group of forces as any other 
electron, but the resultant of the attraction of the grid wires and 
the pull of the plate potential is directly toward the grid wire, and 


Grid 
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hence this electron will land on the grid. Electrons moving on a lina 
passing to one side of the grid wires will probably pass to the plate 
because of their high velocity and because the grid potentials are usu¬ 
ally low relative to the plate potential. 

If the potential of the grid is now made negative with respect to the 
cathode and a like process of reasoning is applied, it is evident that the 
action of the grid will always oppose the passage of the electrons to the 
plate. The degree of opposition offered will depend on the magnitude 
of the negative potential. It is apparent that a strong negative po- 


Cathode 


Plate 


Grid 

-•©“ 


So LJ 

i-'W'e 


100 volts 


(a) 


Cathode 


Plate 



Fig. 3 Potential distnbutjon in a tiiode (plane through grid). 


tential or negative bias may bar all electrons fregn passing to the 
plate or from passing to the grid itself. If the grid is given a small 
negative bias, changes of potential superimposed on this bias will pro¬ 
duce corresponding swings in the cathode-plate current. 

A second method of analyzing grid action involves a study of the 
potential distribution in the three-electrode tube. If in Fig. 3, part a, 
a plane ab is passed perpendicularly to the axis of the tube, it will show 
a potential distribution from cathode to plate as in part b. Let it be 
assumed that the cathode is at zero or ground potential and that the 
plate is maintained at a potential of 100 volts above the cathode by 
the battery. If the grid were omitted and the cathode heated, the 
potential distribution would be given by curve a of Fig. 3b, the depres¬ 
sion of the curve being due to the negative space charge. Now, if the 
grid is added and raised to a small positive potential, the potential 
distribution will be raised to that of curve b with point X at the exact 
potential of the grid. Again, if a negative potential is applied to the 
grid, the potential distribution will fall to that of curve c, where Y is 
the negative potential applied to the grid. The change in the potential 
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distribution will not be so pronounced for other planes in the three- 
electrode tube. Thus if a plane is passed through mn of Fig. 3, part 
a, the potential distribution will be represented by curves a', b', and c' 
of Fig. 4. Planes passed through intermediate points would show po¬ 
tential distribution curves varying between the limiting cases illus¬ 
trated in Figs. 3 and 4. (In any case the effect of the potential on the 
grid is obvious. When the grid potential is raised, it aids the electrons 
in breaking away from the cathode and moving to the plate, whereas 
a negative potential opposes the electron movement to the plate. J 

! It is evident from the preceding para¬ 
graph that the closeness of the wires 
in the grid will affect the degree of the 
grid control of the electron stream. 
If a coarse mesh is used, electrons will 
pass midway between the wires with a 
relatively small influence from the grid. 
A fine or close mesh will give a more 
uniform and effective control. Some 
tubes have a coarse grid near the center 
and a fine mesh at the top and bottom. 
These are known as variable-mu tubes 
and their advantage will be pointed out 
later. 

A third method of visualizing grid 
action in a triode is through a study 
of patterns in the electric field in the cathode-plate space under a 
variation of the potential applied to the grid. Pictures of possible 
electric fields are given in Fig. 5. Part a of this figure shows a field of 
uniform direction and distribution which would exist without any grid 
(diode). In part b, it is assumed that a grid has been inserted and its 
potential has been made the same as the potential of the space it 
occupies. Under these conditions the grid does not influence the field. 
In part c, the grid has been connected to the cathode so that it is at 
zero or cathode potential. Since the grid is closer to the plate than 
the cathode is, many of the lines of the electrostatic field now emanate 
from grid to plate. In part d, the grid has been made slightly positive 
with respect to the cathode. Here the field lines from the negative 
cathode lead to both grid and plate. This appears the same as in part 
b where the grid was positive, although there may be a difference in 
the magnitude of the field in the cathode-grid space. A change of the 
grid potential to negative in part e of Fig. 5 causes a reversal in the 
direction of some lines in the electric field. Now, some of the field 



Fiq. 4. Potential distribution 
in a triode (plane between 
grid wires 
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lines from grid lead to the cathode. The pictures of the electric field 
are completed by part / where the grid is made strongly negative so 
that all field lines to the cathode have been reversed. An analysis of 
the action of these various patterns of electric-field direction and dis¬ 
tribution upon electrons released at the cathode will show the effec¬ 
tiveness of grid control. 

The early triodes and most of those in use today have the grid lo¬ 
cated between the cathode and the plate. It is possible to place the grid 




Fig. 5. Electric field distribution in triodes under different grid potentials. 


in other positions. Thus one type of tube has a central rod for a grid, 
which is surrounded by a helical coil (cathode) with the plate outside 
the cathode. This is known as an internal-grid tube. The control of 
the grid is not so effective, but the closeness of the cathode to the plate 
results in a relatively large, cathode-plate current, with the expenditure 
of little or no power in the grid circuit. This tube is useful for certain 
typei^ of rjelay-jyork, oscillogr^h amplifiers, and speech-frequency 
amplifiers. 

A conventional circuit for the three-electrode tube using batteries for 
the necessary applied potentials is shown in Fig. 6. The filament type 
of cathode is heated by a battery called the A battery, the plate se¬ 
cures its source of potential from another battery known as a B bat* 
tery, while the input or potential variation to the grid is connected 
between the grid and the cathode. If the gric^js to be kept normally 
negative, a battery called a C or biasing battery is connected into the 
grid supply circuit. The voltages supplied by these three battei^es mre 
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represented by the symbols Eff, and Eoe as shown in Fig. 6. If at 
any time the grid becomes positive with respect to the cathode, it will 
attract a few electrons to itself, and these electrons will return to the 
cathode via the grid-cathode circuit.' These electrons constitute the 
grid current. The plate current is usually several times as large as the 
grid current when the grid is slightly positive. When the grid is nega- 



Fig. 6. Conventional circuit for a triode. 


tive, it is generally assumed that the grid circuit does not carry any 
current, although this is not rigidly true as will be shown later. 

A free grid is one that is isolated from any circuit through which a 
continuous stream of electrons may pass. This may mean that the 
grid is entirely free as in part a of Fig. 7, or it may be connected to a 
series circuit containing a condenser which will block any continuous 



Fig. 7. Free-grid and grid-leak circuits. 


flow of electrons in either direction (part b, Fig. 7). Before a triode 
containing a free grid is energized, the grid will probably be at zero 
or ground potential. As soon as the cathode and plate are energized 
(part a or 6 of Fig. 7), electrons from the cathode may move out under 
their initial velocity of emission and attraction of the plate and land on 
the grid. Since these electrons cannot leave the grid through any 
external conductor, the grid will assume a negative potential of such a 
magnitude as to bar any more electrons from landing on it. Also, if a 
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varying signal voltage is impressed on the grid through a condenser, it 
will provide transient changes in grid bias which may permit the ^id 
to go even more negative until it serves as a complete block to any 
electron movement to the plate. The accumulation of a strong nega¬ 
tive charge on a free grid makes it impossible to use the triode in any 
useful circuit. Accordingly, it is necessary to provide some path for 
the accumulating charge to leak back to the cathode. In some circuits 
the input circuit itself will provide a natural leak for the grid. In other 
circuits where the input to the grid contains a condenser as in part 
b of Fig. 7, it is necessary to provide 
a high-resistance path called a grid 
leak as illustrated in part c of Fig. 7. 

A grid leak has a value from one-half 
up to several megohms. 

The triode and the multielectrode 
tubes to be described later are oper¬ 
ated with the grid held negative with 
respect to the cathode. This nega¬ 
tive grid or bias prevents any normal 
electron current from cathode to grid 
which would represent a useless cur¬ 
rent and power loss, and it also provides better operating characteris¬ 
tics in the tubes themselves. The grid bias may be provided by three 
methods. One method using a C battery is illustrated in Fig. 6. A 
second method provides the desired bias by the selection of a suitable 
value for the grid leak shown in part c of Fig. 7. The leak of electrons 
back to the cathode through this high resistance provides an RI drop 
with the grid held negative. A third method for obtaining a negative 
bias utilizes a voltage drop arising from the direct current in the cath¬ 
ode-plate circuit. This is illustrated in Fig. 8 where the current 
through R provides the desired potential drop. The condenser in par¬ 
allel with R provides a low-impedance shunt path for any signal fre¬ 
quencies in both the grid and plate-cathode circuit. In a few applica¬ 
tions a low grid bias is provided by the contact emf between the cath¬ 
ode and the grid. 

Characteristics of a Three-Electrode Tube. The important char¬ 
acteristics of the three-electrode tube shows how the anode or plate 
current changes when either the grid voltage or the plate voltage is 
varied, with the other held constant. The t ransfer characteristic o f a 
triode may be determined through the use of the circuit given in Fig. 9. 
The cathode is heated to its normal operating temperature and a 
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voltage is applied to the plate. The grid is supplied by a circuit for 
varying the potential impressed upon it from a range of negative 
values up through a series of positive values. This variation is secirred 
by moving the point X along the potentiometer from point a to point 
6. At point a the grid may be made so strongly negative that no elec- 



Fig. 9. Circuit for determining a triode transfer characteristic. 


trons can pass to the plate. As the grid is made less negative, some 
electrons do pass to the plate, and with the movement of X to 6 the 
plate current 4 rises along the curve as shown in Fig. 10. After the 
grid becomes positive with respect to the cathode, a small current 4 be¬ 
gins to pass to the grid and follows the trend shown by the dotted curve 

on Fig. 10. It should be understood 
that the magnitude of the grid cur- 
rent is generally smaller than that 
indicated. The curve of Fig. 10 
> shows the operation of a tube for 

v . only one value of plate voltage, and, 

^ _ since a range of positive potentials 

® ~ Cc ^ ^ ^ plate, the com- 

Fig. 10. Transfer characteristic of a P*®*® P'®*’"''® t^® characteristic of 

triode. a tube must be obtained through a 

family of curves for different plate 
potentials, as shown in Fig. 11 (lower right). A second set of family 
curves given in the upper right view of the same figure shows how the 
plate current varies with changes in the plate voltage. These curves 
are known as the plate characteristic curves, and they are very useful 
in designing electronic circuits. The plate characteristic curves may 
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DE1P.CTOR-AMPLIFIER TRIODE 


Heater—roated unipotential cathode 


Volt age 

6 3 voHs 

Current 

0 3 amp 

nect interelect lode capacitance 


Gild to plate 

3 4 pui 

Gnd to cathode 

3.4 

Plate to cathode 

3 6 mmI 

Maximum overall length 

2H in 

Maximum seated height 

2H6 in 

Maximum diameter 

1M« m 


Amplifixr 

Plate voltage, max 300 volts 

Gnd voltage, mm 0 volts 

Plate dissipation, max 2 5 watts 

D-c heater-cathode potential, max 90 volts 

Cathode current, max 20 ma 

Typical Operation—CUua Ai Amplifier 


Plate 

90 

260 volts 

Grid 

0 

—8 volts 

Amplification factor 

20 

20 

Plate resistance 

6700 

7700 ohms 

Transconductance 

3000 

2600 gmhos 

Plate current 

10 

9 ma 



14 

12 

10 

8 

6 

4 

2 

0 




Fig. 11 Rating and characteristics of a detector-amplifier triode. (Courteify 
Radio Coiporation of America.) 
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' be obtained directly by using a suitable test circuit, or they can be 
obtained by replotting the data given in the transfer characteristics. 

Bdth sets of curves covered in the preceding paragraph are static 
characteristics, i.e, they apply for a static or constant potential between 
the cathode and the plate. In the application of the three-electrode 




Pig. 12. Load circuit on a triode. Fig. 13. Static and dynamic 

characteristic of a triode. 

tube some form of load must be placed in the plate circuit. This load 
(Fig. 12) will present a resistance Rl to the current and will give a fall 
of potential over itself. Thus the potential between the cathode and 
plate does not remain constant as Ebb but becomes where = 
Ebb — ibEjj, This fall in plate potential will reduce the plate current 



0 +25 +50 +75 

Grid voltage (cc) 


Fig. 14. Typical grid-current characteristics of a triode. 

below the values determined by the circuit of Fig. 9. The effect of this 
lowering of plate potential with the increase of grid potential is to 
give a lower curve as shown dotted in Fig. 13. This new curve is the 
dynamic characteristic for the given load resistance. Obviously, the 
jdynamic characteristics for a known load resistance can be determined 
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es 


experimentally by inserting this load at point I on Fig. 9. However, 
since there are an infinite number of possible load resistances, it is not 
feasible to give all dynamic characteristic curves. Hence it is custom¬ 
ary to determine the dynamic curve for a given load from a family of 
static curves by suitable calculations. 

Two grid-current characteristics are given in Fig. 14. With a higher 
plate voltage Ebi,, the plate attraction is relatively stronger and fewer 
electrons land on the grid, resulting in smaller values of grid current. 
Amplification Factor. The chief value of the vacuum type of triode 
Mies in its ability to amplify a relatively weak signal in the form of a 
change of potential or charge impressed across its grid. Such a change 
of potential will produce a rather large change of current in the plate 
circuit, and this change of current passing through a resistance or 
one winding of a transformer will produce a change of voltage of in¬ 
creased magnitude. It is possible for a mere change of charge on the 
grid (representing zero or nearly zero power input) to produce a large 
change of current and voltage in the plate circuit. Thus there would 
appear to be an infinite increase of power. In actual circuits some 
l)ower is absorbed in the input circuits so that infinite amplification of 
power is not aUained. ^ 

The amplifying power of a triode is the measure of the greater 
effectiveness of changes in the grid potential over those of the plate 
potential. The obvious way of stating such a measure is by means 
of a ratio of the voltages employed. Thus, mathematically, the am¬ 
plification factor mu (fi) may be expressed as 

Cfa — 

^ =-(fQj. = constant) (1) 

Cc Cp 

where is the change in plate voltage required to compensate 

for a small change in grid voltage represented by Cc — Cc'. Since a 
decrease in plate voltage is necessary to compensate for an increase 
in grid voltage, the minus sign is necessary if mu is to be considered as 
a positive number. The factor mu may be determined from the trans¬ 
fer characteristics of the tube by substituting values in equation 1, 
Referring to Fig. 11 (lower right), it will be found that 11 milliamperes 
of plate current will be produced by 100 volts on the plate and a 0.0 
volt on the grid. This same current will be produced by 200 volts on 
the plate and —5 volts on the grid. Thus 

(100 - 200 ) 100 

0 - (-6) 5 
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Similar calculations for other values of constant current will give a like 
value for mu. If points are taken for low values of plate current where 
the curvature of the characteristic is high, the value calculated for 
mu will vary. 

In terms of calculus, the amplification factor is expressed as follows: 



deh 

dC(» 


(4 == constant) 


( 2 ) 


The amplification factor depends on the geometry of the tube. The 
closer the control grid can be placed to the cathode, the more effective 



Fig. 15. Construction and curves of a variable-mu tube. (Courtesy Radio Cor¬ 
poration of America.) 


it will be in controlling the electron stream to the plate, and hence the 
higher the amplification factor will be. This closeness is limited by the 
necessary insulation of parts as well as by mechanical strength and 
construction. The amplification factor of a triode varies from about 3 
as a minimum to about 100 as a practical maximum, the exact value 
depending upon the purpose for which the tube was designed. 

For some applications it is desired to have a variable mu. This is 
secured by a close spacing of the grid wires at the top and bottom of 
the grid and a coarse spacing at the center. This construction and the 
effect upon the plate-current characteristic are illustrated in Fig. 15. 
The characteristic curve of a triode and other multielectrode tubes near 
the cutoff point is broadened, and the tube can be used for amplifica¬ 
tion at lower levels of plate current. This type of construction is 
known by the terms supercontrol grid, remote cutoff, and variable mu. 
Tubes employing this type of grid are used for automatic volume 
control. 






PLATE RESISTANCE 


«r 

Mutual Conductance and Transconductance. The mutual conduc¬ 
tance of a triode is the rate at which the plate current changes with 
the grid voltage. Mathematically, it is the derivative of the plate cur¬ 
rent with respect to the grid voltage. 


difj 

Om = — 
dCc 


dib 

dec 


(cb = constant) 


(3) 


Mutual conductance {ow) is the slope of the transfer characteristic 
curve and is expressed in terms of microamperes per volt, or mieromhos. 
The concept of mutual conductance may not be easy to grasp. It may 
help to think of the conductance of (one circuit) the plate-cathode 
circuit as being affected (mutually) by the voltage impressed across 
(a second circuit) the grid-to-cathode circuit. 

For an example, take the point on the lower right-hand curves of 
Fig. 11 corresponding to 5 milliamperes on the 100-volt plate curve. 
Assume a current swing from 4.0 to 6.0 milliamperes which corresponds 
to a change of 1.0 volt on the grid. Hence 


2 X 10^ 

Om^ - 


= 2000 micromhos 


Since the adoption of multigrids or electrodes for tubes, the term 
transconductance often displaces the expression mutual conductance. 
The mutual conductance referred to above becomes the control-grid- 
to-plate transconductance, and similar terms designate the electrodes 
involved in the transconductance in multielectrode tubes. The value 
of the transconductance varies because it depends on the varying curva¬ 
ture of the transfer characteristic of a tube. 

Plate Resistance. The plate resistance of a triode is the rate of 
change of plate voltage with respect to the rate of change of plate 
current. Mathematically, it is the derivative of the plate voltage with 
respect to the plate current. 


rp = —^ (Cc = constant) (4) 

dlf} dir}) 

Plate resistance is the reciprocal of the slope of the plate character¬ 
istic curves (Fig. 11, upper right). This plate resistance is frequently 
referred to as the a-c resistance or the dynamic resistance to distinguish 
it from the d-c plate resistance. The d-c plate resistance is the quo¬ 
tient of the static plate to cathode voltage Eto divided by the static or 
quiescent plate current /s.. The d-c plate resistance is of little im- 
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portance in tube operation. For a sample calculation of a-c plate 
resistance rp, use the curve Co = —4.0 and = 10 milliamperes for the 
upper right curves of Fig. 11. Here a swing of 40 volts on the plate 
will give a current change of 5.3 milliamperes. Thus 

40 

Tp =- - = 7500 ohms (approx) 

5.3 X 10“® 

Parameters of Multielectrode Vacuum Tubes. The three factors of 
amplification—constant /i, control-grid-to-plate transconductance gmy 
and plate resistance Vp —are termed the parameters of multielectrode 
vacuum tubes. These factors are related to each other as follows: 

rpXgm = (5) 

This relationship is proved by a substitution of the expression for each 
of these three factors from equations 2, 3, and 4. 

dCb ^ Bib Beb 
Bib BCq Bcq 

The magnitude of the parameters depends on the geometry of the 
tube, such as the spacing of the cathode, grid, and plate, the diameter 
of the grid wires, the spacing of the grid wires, and the area of the 
plate. The parameters of a tube are important in the design of 
vacuum-tube circuits. 

The parameters of a triode vary with plate current as illustrated in 
Fig. 11 (lower left) for a 6J5 triode. The amplification factor is usu¬ 
ally constant throughout a wide range of plate current, but the trans¬ 
conductance and plate resistance usually show much variation. In the 
design of circuits the values of the parameters are obtained from data 
furnished in the tube manuals of the manufacturers, or they may be 
calculated from test data using the methods suggested in the preceding 
discussion. 

Plate Current in a Triode. Childs^ equation for the two-electrode 
tube can be modified slightly for application to the triode. The modi¬ 
fied equation becomes 

• Y 

lb ^ K ^-h €cj 

where K is a constant depending on the tube dimensions. Obviously, 
the expression in the parenthesis refers to the grid potential and not to 
the plate potential of Childs' equation. This equation does not hold 
for low values where mu is not constant nor for high values where 
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saturation effects are present; also, for positive values of grid po¬ 
tential, ib represents the sum of plate and grid currents. 

Types of Triodes. Triodes may be classified on the basis of (1) 
their construction, (2) their use, or (3) their power rating. Under the 
first classification triodes are built with all glass enclosures, in metal 
envelopes with air cooling, and in metal tubes with water cooling. 
[Most tubes use glass enclosures. Glass construction gives a lower cost 
because it utilizes the manufacturing technique developed through 
years in producing electric light bulbs. Glass has a low heat-dissipat¬ 
ing ability and is limited to use in tubes having a maximum plate 
dissipation of approximately 1000 watts. Two kinds of glass are used 
in forming glass tubes—an ordinary soft glass for small tubes and for 
tubes of low rated capacity, and a hard glass having a higher soften¬ 
ing and melting temperature for power tubes, which must dissipate 
considerable heat and operate at a high temperature. 

Two glass triodes which have wide use as amplifiers for repeaters on 
telephone toll lines are shown in Fig. 16. A low-power triode having 
a glass enclosure and a graphite plate is illustrated in Fig. 17. Its mod¬ 
erately high grid- and plate-voltage rating makes it adaptable for use 
in transmitter circuits as an amplifier, oscillator, or modulator. In¬ 
teresting glass triodes are shown in Fig. 18. These tubes are very small 
and compact and are designed for ultra-high-frequency service. For this 
service it is necessary to reduce the interelectrode capacities to a mini¬ 
mum, which means small electrodes and short lead-in conductors. 

The metal receiving tube is small in physical size and its metal case 
serves as a shield from external fields. The active parts of the tube 
are of normal size, but a large saving in space is made in the stem 
(see Fig. 19) and in the metal envelope which fits the electrode as¬ 
sembly closely. The metal tube utilizes a new alloy called Femico and 
a glass which have practically the same coefficient of expansion 
throughout a wide range of temperature. The Femico base of the 
metal tube consists of a flanged disk in which a number of eyelet holes 
are pressed. Glass beads are welded into these eyelets so as to support 
the leads and insulate them from each other and the metal case (Fig. 
19). A small metal tube is welded into the center of the disk and 
serves as the medium for exhausting the assembled electron tube. 
After the electrodes are assembled on the base, the metal cover is 
welded to the base in a single quick butt weld. Then the tube is ex¬ 
hausted and a pinch weld on the exhaust tube seals the triode. 

The amount of heat energy that can be dissipated by radiation and 
convection in air from glass and metal tubes is rather limited because 
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Fig 16 Two filament uy tnodes for telephone sei\ue hjl voltaRo-amplifier, 
nght, low-power amplifier for voice and cairier fic(iiien(\ (Couitesy ^\c^5lcln 

Electric CompanA ) 



Fig 18 Ultra-high-frcqueney amplifier and oscillator tnodes left, 6K4 (courtesy 
Sylvama Electric Products, Inc), nght, 316A (courtesy Western Electric Com¬ 
pany). 
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R-F POWER AMPLIFIER AND OSCILLATOR 


General Data 


Filament—^thoriated tunRsten 
VoltaRu (a-c or d-p) 

Current 

Direct interelectrode capacitances (approx) 
Gild to plate 
Grid to filament 
Plate to filament 


10 volts 
3.25 amp 

6 . 5 

8 5 mmI 
10.5 Mfii 


Class C Telegraphy 


D-c plate voltage, max 
D-p grid voltage, max 
D-c plate current, max 
D-c grid current, max 
Plate input, max 
Plate di^ipation, max 

Typical Operation 
Filament voltage 
D-c plate voltage 
D-c grid voltage 
Peak r-f grid voltage 
D-c plate current 
D-c grid curicnt, approx 
Diiving power, approx 
Power output, approx 


1500 volts 
—500 volts 
210 ma 
70 ma 
315 watts 
125 watts 


10 

10 

10 a-c volts 

1000 

1250 

1500 volts 

-95 

-100 

—105 volts 

225 

230 

235 volts 

200 

200 

200 ma 

40 

40 

40 ma 

8 5 

8.5 

8.5 watts 

130 

170 

215 watts 


800 

700 

600 

iO 

§500 

& 

E 

J400 

E 

€ 

&300 

o 

I 

Q 

200 

100 

0 
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Fig. 17. Rating and characteristics of a low-power vacuum triode. (Courtesy 
Radio Corporation of America.) 
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Fig 19. Parts and assembly of a metal receiving tube. (Courtesy Radio Corporation of America ) 
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the volume of the tube increases more rapidly than the surface area. It 
is possible to obtain a greater output by operating glass tubes in 
parallel. A more direct solution is the use of water cooling or forced 
air cooling for tubes. In the water-cooled triode the plate is a round 
copper tube, which also constitutes the envelope of the tube as shown 
in Fig. 20. The copper plate is immersed in a bath of circulating water 
which conducts the heat away rapidly. It is sealed at the top to a glass 
envelope which serves to insulate and support the cathode and grid of 
the tube. This airtight, metal-to-glass union is called the housekeeper 
seal. In making this seal tlie open end of the copper plate is drawn 
out to a feather edge and placed in the molten glass of the envelope. 
Although there is some difference in the coefficient of expansion of the 
glass and copper, the seal along the thin part of the feather edge is 
seldom broken. 

Water-cooled tubes are usually built in capacity ratings of from 1 
to 100 kilowatts and plate-voltage ratings from 5000 to 100,000 volts. 
Tubes of 250-kilowatt rating have been built in the United States 
for use abroad. The rating and characteristics of a 10-kilowatt water- 
cooled triode are given in Fig. 20. 

Water cooling of tubes involves some construction and maintenance 
problems, which has led to the development of power tubes using 
forced air cooling. A large capacity and moderately high-voltage 
tube of this type is illustrated in Fig. 21. The student should com¬ 
pare the construction details, rating, and characteristics of this tube 
with the preceding water-cooled unit. 

The three-electrode vacuum tube may be classified as amplifier and 
relay, oscillator or alternating-current generator, modulator, and de¬ 
tector or demodulator. The particular function performed by the tube 
depends not upon its construction but upon the external circuits with 
which it is associated. Thus a single tube might be connected into 
circuits for serving as amplifier, oscillator, modulator, or detector. 
In practice certain types of tubes are chosen for the different applica¬ 
tions, but this selection is not determined by any difference in their 
inherent theory of operation. The circuits and applications of triodes 
will be covered in succeeding chapters. 

Limitations of a Triode. There are two properties of a triode and 
its circuit that limit its range of operation as an amplifier. The first 
of these arises from the capacitance coupling between the grid and 
the plate. The grid and the plate are two electrodes separated by an 
insulator (a vacuum), and thus they constitute a condenser. A con- 



22 volts a-c . 
i-phase «(citahon 
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TR\NSMITTING TRIODE 


Fokobd Air Coolbd 

Electrical 

Filament—^three-«eetion tungsten 

Excitation—a-c, 3^ a-c, 6^ a-c, or d-c 
Voltage per strand 
Curtent pei terminal 

Amplification factor 

Direct intei electrode capacitances (approx) 
Gild to plate 
Grid to filament 
Plate to filament 

Maximum Ratings, Absolute Values 
D-c plate voltage, max 
D-c grid voltage, max 
D-c plate current, max 
D-c grid current, max 
Plate input, max 
Plate dissipation, max 
Radiator temperature, max 


Typical Operation 


D-c plate voltage 

12,000 

-800 

15,000 

D-c grid voltage 

-900 

Ptak i-f gild voltage 

1,430 

1,.520 

D-c plate current 

3 o 

3 6 

D-c grid current, approx 

0 2G 

0 25 

Diivmg power, apptox 
Poi^er output, approx 

360 

370 

30 

40 


10 volts 
61 amp 
36 , 

34 Mfd 
48 ppi 
3.5 ppi 


20,000 volts 
-3,000 volts 
4 amp 
0 4 amp 
70 kw 
20 kw 


180® C 


18,000 volts 
— 1,000 volts 
1,630 volts 
3 6 amp 
0.21 amp 
340 watts 
50 kw 



0 5 10 15 20 25 


Plate kilovolts (e^) 

Fig. 21 Rating and characteristics of a power triode. (Courtesy Radio Corpora¬ 
tion of America.) 
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denser is an open circuit to a direct current but a conductor for alter¬ 
nating currents. Thus, although the cathode-grid and cathode-plate 
circuits of Fig. 22 (left) appear to be separated, the interelectrode 
capacity between plate and grid forms a coupling between them. 
Through this coupling a feedback may occur from plate to grid caused 
by changes of potential (alternating) on the plate. This feedback will 
interfere with the normal control by the grid, or it may even start 
oscillations and cause the tube to serve as an oscillator. 

The second limitation in the triode amplifier circuit results from 



the changes in the cathode-plate potential with the changes in the plate 
current. In order to utilize the amplified signal, it is necessary to 
place a resistance, inductance, or transformer as a load in the plate 
circuit. (See Fig. 22.) This load has impedance and the plate cur¬ 
rent through this impedance produces a voltage drop ZI. A varying 
plate current produces a varying drop over the load impedance, which 
in turn is subtracted from the constant potential supply of the” plate 
Eftj,. This varying load drop occurs in all tubes, but its effect is espe¬ 
cially undesirable in the triode. Here the changes in cathode-plate 
potential will vary the plate current as was pointed out in the discus¬ 
sion of the two-electrode tube (see Fig. 9, Chapter III, page 47). This 
change in plate current is a direct action on the plate-cathode circuit, 
whereas the interelectrode action suggested in the preceding paragraph 
takes place in the grid-cathode circuit. 

The Tetrode. The limitations in the use of the triode as outlined in 
the preceding article can be overcome by the addition of a fourth 
electrode, a grid, placed between the regular or control grid and the 
plate. This fourth electrode is called the screen grid, and the tube is 
known as a screen-grid tube. 
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The construction of the screen-grid tube is shown schematically in 
Figs. 23 and 24. In the smaller receiving tube the screen grid consists 
of two grids connected at the top to form a nearly complete screen 
or shield for the plate. This construction reduces the interelectrode 
capacity between grid and plate to an average of %oo of its value 
without the screen and overcomes the first limitation of the triode. 

A typical circuit for using a 
screen-grid tube is given in Fig. 

24. The screen grid is main¬ 
tained at a constant potential 
by connection to the cathode via 
a part of the plate supply 
voltage. Thus the screen grid 
sets up in the space surrounding 
it a constant potential. This 
potential supplies a constant ac¬ 
celerating force (attraction) for any electrons that pass the control 
grid. Normally nearly all electrons that reach the position of the 
screen grid pass through the meshes of the grid and land on the plate. 
Moderate changes in the plate potential will not influence the number 
of electrons reaching the plate. Thus the screen has served to over¬ 
come the second limitation of the triode. The screen grid attracts and 
gathers those electrons which are traveling directly toward its mesh 
wires, and these electrons constitute a small screen-grid current. 


Plate 

or 

Ano^ 
Cathode- 
Fig. 23. 




Control^ 
Grid 


Screen 

Grid 



Location of the screen grid in a 
vacuum tube. 



Fig. 24. Schematic diagram of a tetrode and its circuit. 


The action of the screen grid may be pictured from the potential 
distribution curve of Fig. 25. The cathode is held constant at zero 
(ground potential) while the space surrounding the screen grid is held 
at another constant potential (say 90 volts). The control-grid po¬ 
tential is governed by the incoming signal and may swing from negative 
to positive. Likewise, the plate potential may swing from 90 to 135 
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mined by the circuit of Fig. 26 (right), from which the plate current 
can be determined for a variation of plate potential from zero to 
maximum rated value. The early types of screen-grid tubes (Type 
24-A) gave the plate-current plate-voltage characteristic shown in 
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Fig. 26 (left), when the screen-grid voltage was held at normal value 
and the control grid kept at zero volts (cathode potential). At zero 
j)late potential, the plate current is zero, as would be expected. Then, 
as plate potential rises to 10 or 15 volts, the plate current rises. With 
a further rise in plate potential, the current starts to drop and con¬ 
tinues to do so until it becomes negative in value. After reaching a 
minimum point, the plate current rises with plate potential to a nor¬ 
mal value and then becomes approximately constant for further rise 
in plate voltage. This unusual characteristic is due to secondary 
emission of electrons from the plate which are attracted to the screen 
grid. Secondary emission, occurs regularly at 
the plate of all tubes owing to impinging elec¬ 
trons, but for the triode all the electrons of 
secondary emission are attracted back to the 
plate and hence do not produce any change in 
the current of the plate circuit. In the screen- 
grid tube, electrons are splashed out of the plate 
as shown in Fig. 27. If the screen grid happens 
to be at a higher potential than the plate and 
if the electrons are splashed out with suflicient 
velocity, some or all of these electrons of sec¬ 
ondary emission will pass to the screen grid. 

If there are more electrons of secondary emis¬ 
sion than original impinging electrons, the electron current may reverse 
in the plate circuit and flow to the screen grid. Thus the characteristic 
of Fig. 26 becomes easy to understand. Beginning at the left (zero 
plate potential), no electrons are attracted by plate. Then, as plate 
potential goes somewhat positive, electrons are attracted to it but with¬ 
out suflScient velocity to cause secondary emission. With a rise in 
plate potential a point is soon reached where secondary emission occurs 
with some electrons going to the screen grid. A further increase in 
plate potential increases the secondary emission rapidly and with it 
the number of electrons going to the screen grid. As the potential on 
the plate approaches that of the screen grid, the plate begins to receive 
back more electrons and a reversal of plate current trend takes place. 
When the plate potential passes the screen in magnitude, the plate 
current rises to full or normal value. 

The screen-grid current for the tube in question is shown by the ie 2 
curve of Fig. 26. This curve is the inverse of the plate current, as might 
be expected. The space current or sum of plate and screen-grid cur- 



Fig. 27. Secondary 
emission in a tetrode. 
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SCREEN-GRID VOLTAGE 
AMPLIFIER 


Filament 

Voltage 

Current 

Amplification factor 
Interelectrode capacitance 
Gnd to plate 
Input 
Output 

D-c plate voltage 
D-c scieen voltage 
D-c gi id bias 


2 0 volts - 
1 6 amp 
85-170 

0 025 nnf 
4 5 Mgf 

8 0 Mgf 

135-180 volts 
45 67 5 volts 
1 5-4 5 volts 



0 40 80 120 160 200 240 

Plate voltage 


14 



n l I I I I I I I I I I I I 

0 40 80 120 160 200 240 

Plate voltage 

Fig. 28. Rating and characteristics of a voltage amplifier screen-grid tetrode. 
(Courtesy Western Electric Company.) 
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rent is approximately constant as shown by the curve of Fig. 26, Jbe- 
cause the electrostatic field produced by the screen grid is constant. 

Screen-grid tubes of later manufacture have been improved by 
special treatment of the plate which reduces their tendency toward 
secondary emission. This improvement prevents the plate current from 
becoming negative and gives characteristic curves as shown in Fig. 28. 
It is evident from these characteristic curves that the screen-grid tube 
should give more linear amplification as long as the plate potential 
exceeds the screen-grid potential, and that wide swings in plate po¬ 
tential may occur in that region. For lower values of plate potential 
the tube will give unsatisfactory service. The effect of secondary 
emission in the screen-grid tube can be overcome in two different ways, 
to be covered in succeeding articles. The principal appliq^tixm of 
screen-grid tubes is for radio-frequency amplifiers. The rating and 
characteristics of a typical screen-grid tube are given in Fig. 28. 

The Pentode. The pentode is a tube having five electrodes. The 
fifth ehectrode, called the suppressor grid, was added to overcome the 



Fig. 29. Schematic diagram and circuit of a pentode. 


harmful effect of the secondary emission in the screen-grid tube. The 
suppressor grid is a mesh placed between the plate and screen grid as 
shown in Fig. 29. It is usually connected directly to the cathode in¬ 
side the tube, though it may be brought outside for other connections. 
When connected to the cathode the suppressor grid serves as a shield 
or suppressor to prevent the electrons of secondary emission from 
passing to the screen grid. The suppressor grid performs this function 
by creating a field of near zero potential through which electrons 
(secondary emission) must pass before coming under the influence of 
screen grid. This explanation may become more clear from a study 
of Fig. 30, which gives a schematic potential distribution for a pentode. 
Here point P represents the constant zero potential on the suppressor 
grid. Electrons splashed out of the plate must move away from it 
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against the attraction of its positive potential and past point P before 
they come under the influence of the potential on the screen grid. 

The plate-current plate-potential characteristics of pentodes are 
given in Figs. 31 and 32. The pentode permits wide swings of plate 
potential without affecting the fidelity of amplification. The action of 
the suppressor permits large power output for low input voltage on the 
control grid and it permits high-voltage amplification at moderate 
values of plate voltage. Accordingly, some pentodes have a large 



power output and are used in the final stage of audio amplification for 
supplying the current to the loudspeaker. Other types of pentodes are 
used as voltage amplifiers. The construction of typical pentodes is 
illustrated in Figs. 31, 32, and 33. The rating and characteristics of 
two pentodes are given in Figs. 31 and 32. 

In both pentodes and tetrodes, the control grid is sometimes designed 
to give a variable mu. This is secured by a close spacing of the grid 
wires at the top and bottom of the grid and a coarse spacing at the 
center. The effect of this construction upon the plate-current char¬ 
acteristic is illustrated in Fig. 32 (upper right). The characteristic 
curves of the tube near the cutoff point are broadened and the tube 
can be used for amplification at lower levels of plate current. For 
comparison purposes a curve for a normal grid is shown by the dotted 
line marked X. Tubes employing the variable-mu type of grid are 
used for grid-bias volume control in radio-frequency amplifiers. 
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IRIPLE-GRID DETECTOR-AMPLIFIER 
Heater—coated 


V^tafice (a-c or d-o) 


6 3 volts 

Current 

Direct interelectrode capacitance 


0 3 amp 

I Grid to plate, max 


0 005 MMf 

Pentode Conn < Input, max 


6 0 nnf 

[Output, max 


7 OMMf 

[ Gnd to plate, max 


2 8 /ugf 

Triode Conn ■! Grid to cathode, mar 


3 4 pfii 

[ Plate to cathode, max 


llMMf 

Ampiifier (Pentode Connection) 


Plate voltage, max 


300 volts 

Screen voltage, max 


125 volts 

Seietii supply voltage, max 


300 volts 

Grid voltage, mm 


0 volts 

Plate dissipation, max 


2 5 watts 

Screen dissipation, max 


0 3 watt 

Typical Operation and ChararteriHliCH TVass A i 

Amplifier 


Plate 

100 

250 volts 

Screen 

100 

100 volts 

Gild 

Suppressor—connected to cathode at socket 

-3 

— 3 volts 

Plate resistance 

0 7 

meg 

1 1 ansconductance 

1575 

1650 Minhos 

Gnd bias (foi plate current 10 gamp) 

-8 

— 8 volts 

Plate oiinent 

2 9 

3 ma 

Screen curient 

0 9 

0 8 ma 



Fig 31 Rating and characteristics of a pentode detectoi-amplifier (Courtesy 
Radio Coiporation of America ) 













TRIPLE-GRID SUPERCONTROL PENTODE 

Heater voltage (a-o or d-c) 

^Heater current 
'Grid-plate capacitance,* max 
Input capacitance * 

Output capacitance * 

Typical Operation 
Plate voltage 
Screen voltage 
Grid voltage 

Suppressor—connected to cathode at socket 
Plate current 
Screen current 
Plate resistance, approx 
Transconductance 
Grid bias for tiansconductance 
of 10 nmhos 

* With shell connected to eatliode. 


2500 



8.9 

9.2 ma 

2.6 

2.4 ma 

0.25 

0 8 meg 

1900 

2000 /cmho 

-35 

— 35 volts 




-50 - 40 - 30 - 20 -10 

Control-grid volts (cg) 

(a) 



Fig. 32. Rating and characteristics of a triple-grid super-control pentode. (Cour¬ 
tesy Radio Corporation of America.) 
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(Sm) niicromhos 
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Fia. 33. Pentodes. Those on the left are for low-power applications at high and 
ultra-high frequencies. (Courtesy Western Electric Company.) 

Beam Power Tube. A beam power tube is a tetrode * in which di¬ 
rected electron beams increase the power capacity and operating char¬ 
acteristics of the tube. This tube has three special features in its 



Fig. 34. Construction of a beam power tube. 


construction. First, the screen and control grid are composed of wires 
wound in helices so that each turn of the screen is shaded from the 
cathode by a turn of the control grid. This careful alignment tends to 
pass the electrons to the plate in beams and serves to reduce the magni- 

’•‘If beam-forming plates are called electrodes, the tube may be considered a 
pentode. 
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tude of the screen-grid current. The second feature in the construc¬ 
tion of the beam power tube is the use of beam-forming plates which 
are connected to the cathode (Fig. 34). These plates serve to prevent 
any electrons from leaving the grid near its end supports and serve 
to give a sharp cutoff for the beams. The third feature of construc¬ 
tion of the beam power tube is that the screen grid and plate are 
spaced relatively far apart (Fig. 35) and that these electrodes are 



Fig. 35. Potential distribution in a beam power tube. 


operated at approximately the same potential. This construction 
results in a suppressor action between the screen and plate. To under¬ 
stand this action, assume that screen and plate are at the same po¬ 
tential and that the cathode is cold (zero emission). Under this con¬ 
dition the potential distribution between the screen and plate will be 
uniform and no potential gradient will exist. Next assume similar con¬ 
ditions with normal emission from the cathode and a control-grid po¬ 
tential that permits a normal plate current. Now moving electrons 
are present everywhere between screen and plate, and these electrons 
constitute a negative space charge which is strengthened by the action 
of the suppressor plates and by the fact that the electrons exist in con¬ 
centrated beams. This negative space charge lowers the potential 
in the region between screen and plate and results in a change of pace 
of the moving electrons. This change of pace results in a variation of 
density of the electrons in the screen-plate space with a corresponding 
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BEAM POWER AMPLIFIER 


Heater—coated unipotential cathode 
Voltage (a-c or d-c) 

Current 



6.3 volts 
0.9 amp 

SmaLB-TuBE Amplifijbk—Class Ai 

Plate voltage, max 

Screen voltage, max 

Plate dLssipation, max 

Screen dissipation, max 

360 volts 
270 volts 

19 watts 
2.5 watts 

Typical Operation 


Fixed 

Bias 

Cathocm 

Bias 

Plate 

250 

350 

250 

300 volts 

Screen 

250 

250 

250 

200 volts 

Grid 

Cathode resistor 

-14 

-18 

170 

.. . volts 
220 ohms 

Peak a-f grid voltage 

14 

18 

14 

12.5 volts 

Zero signal plate current 

72 

54 

75 

51 ma 

Max signal plate current 

79 

66 

78 

54.5 ma 

Zero signal screen current 

5 

2.5 

5.4 

3 ma 

Max signal screen current 

7.3 

7 

7.2 

4.6 ma 

Plate resistance 

22,500 

33,000 


ohms 

Trans conductance 

6,000 

2,500 

5,200 


/xmhos 

Load resistance 

4,200 

2,500 

4,500 ohms 

Total harmonic dwt. 

10 

15 

10 

11 % 

Max signal power output 

6.5 

10.8 

6.5 

6.5 watts 



Plate volts (e^) 



Fig. 36. Rating and characteristirs of a beam power amplifier. (Courtesy Radio 
Corporation of America.) 
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change of potential distribution. The net result of this action is the 
formation of a virtual suppressor between the screen and plate as 
shown in Fig. 35. 

The rating and characteristics of a typical beam power tube are 
given in Fig. 36. It should be noted that wide changes of plate poten¬ 
tial above 75 volts have little effect upon plate current. Also, the 
lower set of curves shows a sharp bend at the knee of plate-current 
plate-voltage curve. This means that little harmonic distortion occurs 
above the bend. 

The advantages of tubes of the beam power type are high power out¬ 
put, high power sensitivity, and high efficiency. They are frequently 
used in the output stage of radio receivers and for other forms of load. 

Pentagrid Converter. The pentagrid converter is a multielectrode 
tube having one cathode, one plate, and five grids. It is a dual-purpose 
tube which does not involve any new theory of action above that cov¬ 
ered in preceding types. It is commonly used as a frequency con¬ 
verter, and the use of five grids gives rise to the name pentagrid con¬ 
verter. Frequency conversion involves the action of an oscillator and 
a modulator. The circuits for the pentagrid converter combine these 
two functions within a single tube, and the electron stream serves as 
the coupling. 

Cathode-Ray Tube. A cathode-ray tube is a device for producing 
electron beams and for projecting them upon a fluorescent screen to 
give a picture of some electrical phenomenon. The first device of this 
type was developed by Braun in 1897. Cathode-ray tubes have used 
(1) cold electrodes with high potentials in vacuum, (2) hot cathodes 
with low gas pressure and low voltage between electrodes, and (3) hot 
cathodes in vacuum with fairly high accelerating potentials. Nearly 
all the tubes in use today fall in the third class. 

A typical catlM)de-ray tube with electrostatic controls embodies the 
schematic construction shown in Fig. 37. The seven electrodes in this 
device serve to produce electrons, to concentrate them in a small beam, 
and to aim that beam upon various parts of the fluorescent screen on 
the end of the tube. The first five electrodes on the left constitute 
what is called the electron gun. The first electrode on the left is the 
cathode, a barium-coated plate with a heater behind it. Electrons 
from the cathode pass through a small hole in the control grid. Next, 
these electrons are accelerated by a higher potential on the second grid 
which is a disk with a small hole at its center. The first anode is a 
tube with two baffles, each containing a tiny hole at the center. This 
first anode has a potential of several hundred volts and serves to 
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accelerate and concentrate the beam of electrons. The second anode 
has a still higher potential, usually in thousands of volts, and consti¬ 
tutes the final accelerating stage in the electron gun. After emerging 
from the second anode, the electron stream passes between the two 
pairs of deflecting plates. A difference of potential on one pair of 
plates will produce an electric field which will exert a force upon the 
electrons in the stream and deflect them in their path. Similarly, a 
difference of potential on the other pair of plates placed at right angles 
to the first will likewise deflect the electron stream. Thus through the, 
medium of these two pairs of deflecting plates the electron beam can be 

Fluorescent 



Fig. 37. Construction of a cathode-ray tube having electrostatic controls. 

directed upon any part of the fluorescent screen. The trigger for the 
electron gun is the control grid which receives an electrical input signal. 
The varying potential on this grid can start, stop, and control the in¬ 
tensity of the beam at all times. The electron beam impinging on the 
screen causes it to fluoresce in proportion to the intensity of the beam. 
Due to the persistence of vision of the eye, a moving beam produces a 
trace of light or, in the case of television, a complete image on the 
fluorescent screen. (The fluorescent screen consists of a coating of a 
phosphor. Phosphors consist of compounds such as zinc silicate, cad¬ 
mium tungstate, zinc sulphide, cadmium sulphide, and calcium tung¬ 
state, or a mixture of these compounds together with some substance 
such as silver or copper J The choice of the phosphor is determined by 
the color and the persistence time desired. A conducting coating on the 
inside of the envelope of the tube serves to return the electrons from 
the fluorescent screen to one of the anodes. The secondary emission 
due to the impinging electrons removes electrons from the screen and 
prevents the building up of a negative charge. 

Many cathode-ray tubes use magnetic fields for focusing and deflect¬ 
ing the electron beam. The construction of a tube of this type is shown 
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schematically in Fig. 38. The electron beam is produced and accele¬ 
rated by means of an electrostatic electron gun as explained in the pre¬ 
ceding paragraph. The magnetic focusing is produced by a solenoid 
surrounding the tube. The coils for producing the fields for magnetic 
deflection are placed on the inside of a hollow cylinder like the stator 
coils in a-c machines. The magnetic focusing and deflection coils are 
usually formed into a single hollow cylindrical unit which slips over 


Electrostatic 
electron gun^ 


Magnetic 
focusing 
coil 


Magnetic 

deflection 

coils 



Fig. 38. Constructioa of a cathode-ray tube using niagnelic deflection and 

focusing. 


the cathode-ray tube. This unit is called a yoke. The general theory 
of electrostatic and magnetic focusing and deflection employed in 
cathode-ray tubes was covered under the subject of electron ballistics 
on pages 7-17. 

The principal applications of the cathode-ray tube are in oscillo¬ 
scopes and in television receivers. In the oscilloscope a trace or curve 
is made on the screen which depicts the changes of voltage or current 

with time or some other variable. These 
traces (Fig. 39) can be viewed with the eye 
or photographed. In the television receiver 
a rapid scanning of the screen gives the im¬ 
pression of a complete image on the screen. 
The cathode-ray tube is very important as a 
measuring instrument for high-frequency 
changes. It holds this position because a beam of electrons or cathode 
rays passing from the cathode to the target possesses so little inertia 
that the beam can be deflected at a rapid rate, thus making possible 
the observance of high-frequency and transient phenomena. The power 
required to deflect the beam is negligible, and hence studies of weak 
signals can be made because so little power is required and the •circuit 
conditions are not affected by the measuring equipment. 


(a) 

Fig. 30. Traces shown by 
an oscilloscope. 
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CATHODE-RAY TUBE 

Heater, for unipotential cathode 

Voltage (a-c or d-c) 6.3 

Current 

Direct intcrelectrode capacitances (approx) 

Grid No. 1 to all other electrodes 
DJI to DJ2 
DJ3 to DJ4 

DJI to all other electrodes 
DJ3 to all other electrodes 
DJI to all other electrodes except DJ2 
DJ2 to all other electrodes except DJ1 
DJ3 to all other electrodes except DJ4 
DJ4 to all other electrodes except DJ3 
Phosphor 
Fluorescence 
Persistence 
Focusing method 
Deflection method 

Maximum Ratings, Absolute Values 

Anode No. 2 and grid No. 2 voltage, max 
Anode No. 1 voltage, max 
Grid No. 1 (control electrode) voltage 
Negative value, max 
Positive value, max 

Peak voltage between anode No. 2 and any 
deflecting electrode, max 


± 10% volts 
0.6 amp 

8 0 inii 
1.3 

1.2 MMf 

9.5 

12.0 MMf 
8.0 

7.5 uni 
10.0 MMf 

7.5 uni 

No. 1 
Green 
Medium 
Electrostatic 
Electrostatic 


2200 volts 
1100 volts 

125 volts 
0 volts 

550 volts 


Typical Operation 


Anode No. 2 and grid No. 2 voltage 

1500 

20(X) volts 

Anode No. 1 voltage for focus at 75% of 

grid No. 1 voltage for cutoff 

337 

450 volts 

Grid No. 1 voltage for visual cutoff 

-30 

— 40 volts 

Deflection sensitivity 

DJI and DJ2 

0.404 

0.303 mm/d-c volts 

DJ3 and DJ4 

0.446 

0.334 mm/d-c volts 

Deflection factor _ 

DJI and DJ2 

63 

84 d-c volts/m 

DJ3 and DJ4 

57 

76 d-c volts/in 


Fig. 40. Cathode-ray tube. (Courtesy Radio Corporation of America.) 
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Average characteristics 


6.3 volts 

Anode No. 1 volts adjusted to give focus 


Curve 

Electrode 

current 

Anode No. 2 and 
grid No. 2 volts 

A 

Anode No. 1 

2000 

B 

Anode No. 1 

1500 

C 

Anode No. 2 
and grid No. 2 

2000 

D 

Anode No. 2 
and grid No. 2 

1500 


Grid No. 1 volts 

-40 -20 0 



Fig. 40 {continued). Cathode-ray tube characteristics. (Courtesy Radio Cor¬ 
poration of America.) 
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Nearly all cathode-ray tubes in use today are of the high-vacuum 
type. The functioning of these tubes is controlled by electrostatic and 
magnetic fields. Cathode-ray tubes are special tubes, but their special 
importance in the oscilloscope, which is used so widely in electrical 
measurements and tests, seemed to justify the introduction of their 
construction at this point. The rating, characteristics, and picture of 
a typical electrostatic cathode-ray tube are given in Fig. 40. 

Electron-Ray Tube. The electron-ray tube is a combination of a 
triode and simple cathode-ray tube built into one envelope. Sectional 


RCA-6E5 




Fia. 41. Construction of an olcctron-ray tube. (Courtesy Radio Corporation of 

America.) 


views of this device are given in parts a and b of Fig. 41. The upper or 
dome-shaped part of the tube contains the cathode-ray part of the de¬ 
vice, and the lower part houses the triode. A common heater-type 
cathode passes through the vertical axis of both sections, but the oxide 
coating covers the parts shown shaded only. In the upper section, the 
anode or target consists of a circular plate having a fluorescent coating 
on the upper side and a hole in its center. When a positive potential 
exists on this plate, electrons from the cathode are attracted to it and 
cause it to fluoresce with a green color. Without any other influence 
the circular plate would show a green circle of light with a black center. 
A grid called a ray-control electrode passes between the cathode and the 
inner circle of the fluorescent disk. This grid consists of a thin strip 
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of metal placed parallel to the vertical cathode but insulated from 
both the cathode and the fluorescent disk. Now if this grid has the 
same potential as the disk, it will have little influence on the electrons 
going to the disk and a circle of green light still exists. However, 
if the grid becomes negative with respect to the disk, it will repel 
the electrons leaving the cathode and will cast a shadow 
on the circle as shown in Fig. 42. It should be noted that 
the grid or ray-control electrode for the top section is re¬ 
ally an extension of the plate of the triode in the lower 
section. Hence the potential on the triode plate con¬ 
trols the potential of the grid of the top section. 

The electron-ray tube sometimes carries the com¬ 
mercial name of the ^^magic eye” because of the re¬ 
semblance to an eye suggested in Fig. 42. It is used 
as an indicator in sensitive electrical measuring devices 
and circuits, and in radio receivers to indicate the 
sharpness of the tuning for an incoming carrier signal. 
The sharpest tuning occurs when the shadow angle 
is at a minimum. 

Mechano-Electronic Transducer. A new type of vacuum triode 
(5734) designed to provide a method of translating mechanical 
vibrations into electrical current variations was introduced by the 
Radio Corporation of America in 1948. This device, known as a 
mechano-electronic transducer, weighs 3^46 ounce and is 1%^ inches 
long and «/l6 inch in diameter. 

The construction of the mechano-electronic transducer is shown in 
the upper right-hand corner of Fig. 43. A hollow metal envelope is 
sealed at one end with a flexible metal diaphragm and with a glass 
press at the other end. The plate consists of a cone-shaped shaft 
sealed into the metal diaphragm to permit mechanical movement. An 
oxide-coated heater type of cathode lies parallel to the plate. A grid is 
spaced between the cathode and plate as shown. 

The device is operated by a suitable mechanical connection to the 
plate shaft by means of which any rocking movement or vibration 
will vary the geometry of the tube, and thus change the magnitude 
of the cathode-plate current. Thus the plate current is varied me¬ 
chanically instead of by electrostatic control as in the conventional 
triode. A typical cathode-plate circuit employs a plate supply of 
300 volts and a load resistor of approximately 75,000 ohms across 
which the output voltage is developed. The grid may be connected 
directly to the cathode, or a small negative bias up to 2 volts may be 



Fig. 42. In- 
dicat i ons 
given by 
electron-ray 
tube. 
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MECHANO-ELECTRONIC TRANSDUCER 
Triode Type 
Tentative Data 



MINI 
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*30-20 *10 -0 +10 +20 +30 
Angular deflection in minutes of 
plate shaft from its undeflected 
position with respect to diaphragm 
as fulcrum 


General. Data 

Electrteal 


Heater, for tuupotential cathode 


VoltaRe (a-c or d-c) 

6.3 volts 

Current 

0.15 amp 

Mechanical 


Mounting position 

Any 

Deflection of plate, max 

d=0.5 deg 

Overall length, max 

1 300 inches 

Diameter, max 

0.328 inches 

Maximum Ratings, DestgU’-Center Values 

D-c plate supply, max 

300 volts 

D-c plate current, max 

5 ma 

Plate dissipation, max 

0 4 watt 

Peak heater—cathode voltage 


Heater ± with respect to 


cathode, max 

90 volts 

Typical Operation 


D-c plate-supply voltage 

300 volts 

D-c grid voltage 

0 volts 

Amplification factor 

20 

Plate resistance 

72,000 ohms 

Transconductance 

275 MHihos 

D-c plate current 

1.5 ma 

Ixiaa resistance 

75,000 ohms 

Deflection sensitivity 

40 volts/deg 


Fig. 43. Rating and characteristics of mcchano-electronic transducer. (Courtesy 
Radio Corporation of America.) 
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employed to exercise some control of the characteristics or to control 
the calibration of any associated circuits. 

The small amount of inertia of the plate permits the measure¬ 
ment of vibrations up to 12,000 cycles per second. A maximum 
permissible plate deflection of 1 degree degree from the unde¬ 
flected position) will produce a variation of 40 volts across the load 
resistor. The output voltage characteristic and the general data for 
the mechano-electronic transducer are given in Fig. 43. 

The mechano-electronic transducer will be important in electronic 
and control applications. At the time these lines are written many 
possible uses are being explored. Following are some possible appli¬ 
cations: (1) measurements of minute deflection of beams and other 
structural shapes; (2) sorting of mechanical products that must be 
held to close dimensions; (3) vibration measurements; and for a suit¬ 
able modification of the device described above (4) a pick-up of 
sound from phonograph disk records or direct from sound in air. 


PnOBLEMS 

For the solution of problems requiring the use of characteristic curves of 
tubes, it is suggested that the curve sheet be covered with transparent paper 
held by short strips of masking tape. Light construction lines on this cover 
paper will not mar the original curves, and the overlay may be removed to 
serve as a part of the solution of the problem. 

1. Determine the amplification factor of the triode in Fig. 11 for ib values of 
4 and 6 milliamperes, using the transfer characteristic. 

2. Determine the amplification factor of the triode in Fig. 11 for 4 values 
of 8 and 10 milliamperes, using the average plate characteristic curves. 

3. Determine Qm for the triode in Fig. 11 for eb — 200 volts and 4 near 6 
milliamperes; also for €b = 300 with 4 near 3 milliamperes. 

4. Calculate Vp for the triode in Fig. 11 for values of Ce at 0, —10, and —24 
volts. 

5. Calculate the amplification factor of the triode in Fig. 20 for Ce values 
near —1000, —1600, and —2000 volts. 

6. Determine Qm for the triode of Fig. 20 at Cp = 10,000 volts. 

7. Calculate Vp for the triode of Fig. 20 for Cc = —1000 and eh = 12,000 
volts. 

8. Calculate Vp for the tetrode of Fig. 28 for eci = 0 and plate voltages of 
20, 67, and 160 volts. Explain answer. 

9. A tube has an amplification factor /x of 8 and an Vp of 9500 ohms for a 
certain condition of operation. Wliat is gm in micromhos? 

10. From the following data find approximate values of /x, rp, and gm at 
the point eb = 180 volts, Ce = —12.5 volts. 
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et (volts) 

Ce (volts) 

4(iiui) 

180 

-12.5 

7.5 

160 

-10.0 

7.5 

180 

-12.3 

7.84 


11. The pentode of Fig. 31 has a plate resistance of 7 X 10® ohms and a 
transconductance of 1575 micromhos. What is the value of mu for this condi¬ 
tion of operation? 

12. Anode No. 2 of the cathode-ray tube is operated at a potential 2000 volts 
higher than the cathode. With zero potentials applied to the deflection plates, 
what is the velocity of the electrons when they hit the fluorescent screen? If 
the deflection plates are parallel and extend 2 centimeters along the axis of the 
electron beam, what angle of deflection will be given to the beam by a uniform 
field of 50 volts per centimeter? 

13. Assume that magnetic deflection coils are substituted in the preceding 
problem, producing a uniform field of 4.5 gauss for a distance of 4 centimeters 
along the axis of the tube. Calculate the angle of deflection for the electron 
beam after it has passed through this field (one pair of coils energized). 



Chapter V 

LINEAR AND NONLINEAR CHARACTERISTICS 


The performance of electronic equipment is determined by the 
characteristics of the associated circuits as well as by the character¬ 
istics of electron tubes. An understanding of communication and in¬ 
dustrial control by means of electronic devices requires a thorough 
knowledge of electric circuit theory. The reader is presumed to have 
such knowledge, and hence only a short summary of a-c theory plus a 
discussion of some phenomena of special importance in electronic cir¬ 
cuits will be reviewed at this point. 

A-C Theory. An a-c circuit may consist of resistors, inductors, 
capacitors, or combinations of these three units. The characteristics 
of these units are reviewed in Fig. 1. For a non-inductive resistance 
the current time change is in phase with the voltage; in a pure induct¬ 
ance the current lags the voltage by 90 electrical degrees; in a capaci¬ 
tance the current leads the applied volTage by 90 electrical degrees. 

Circuits and circuit elements may bo^clasSificd as linear and non- 
linear. Under common usage a circuit or element is considered linear 
when the voltage-current relation follows Ohm^s law (/ = ^/Z). 
Thus a pure resistance, pure inductance, and a capacitance are gen¬ 
erally considered linear elements in an a-c circuit. Similarly electronic 
devices that have unilateral conductivity, changes in amplifying 
power, changes in mutual conductance, and changes in plate resist¬ 
ance are usually classed as nonlinear elements. Under operating con¬ 
ditions the magnitude of circuit elements often becomes a function of 
temperature, frequency, flux density, and other factors. Accordingly, 
an analysis of the properties of circuit elements under varying condi¬ 
tions becomes desirable in the study of electronic control and com¬ 
munication circuits. 

Nonlinear Characteristics of Resistors. The resistance of pure 
metals rises with temperature and for the usual operating range may 
be considered a straight-line function. Certain alloys of metals and 
some combinations of materials have variations of resistance with 
temperature which make them useful in control circuits. Some al- 
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loys have a zero temperature coeflScient, whereas others have a negative 
temperature coefficient. Some rectifiers, such as those of crystal, copper 
oxide, and selenium, have a unilateral characteristic (see Chapter 
XIII), and others like thyrite and thermistors have negative resistance 
characteristics with the rise of voltage or current. For the low fre¬ 
quency used in power circuits the magnitude of resistors may be 
safely considered constant as shown in the upper right corner of Fig. 1. 
However, for the higher frequencies to be found in electronic circuits 
the ohmic resistance of wire-wound resistors rises with frequency due 
to the so-called skin effect. This effect is illustrated for a single 
straight conductor in the five views of Fig. 2. In part 1 of Fig. 2, it is 



(i) { 2 ) (3) ( 4 ) (5) 

Fia. 2. Skin effect due to a-c current in straight conductors. 

assumed that an instantaneous current of uniform density is flowing 
throughout the cross section of the conductor. This current will pro¬ 
duce a magnetic field around the elemental cylinder a as shown, and 
the changing flux will induce an emf which will oppose the flow of 
current in a. In part 2 the elemental tube b carries current which 
causes flux to surround it. The outer tubular element c is sur¬ 
rounded by the external flux </>c shown in part 3. Cylinder a is sur¬ 
rounded by the flux produced by itself plus that produced by the cur¬ 
rent flowing in the tubes b and c. Hence in part 1 the flow of current 
is opposed by the maximum or total emf of self-inductance due to the 
total surrounding flux. The current in b is opposed by the flux sur¬ 
rounding it. The effect of this self-inductance within the conductor 
is to distort the current density within the conductor, crowding the 
current toward the outside of the conductor as shown in parts 4 and 
6 of Fig. 2. For very high frequencies nearly all the current flows 
on the surface so that a thin copper tube may have nearly the same 
resistance as a solid copper conductor of the same diameter. A thin 
coating of graphite or other conducting material on the surface of a 
cylinder of insulating material will make a suitable resistor or con¬ 
ductor for high frequencies. When a conductor is wound into a 
solenoid containing an air or magnetic core, the resulting flux will pro¬ 
duce more or less distortion of the a-c current flowing in the con¬ 
ductors. Such distortion will add to the effective resistance of the 
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coil. It may be impossible to calculate the effective resistance of re¬ 
sistors at high frequencies, but such resistance may be determined 
under any given set of conditions tlirough the use of the equation. 

Watts = 

watts 

^^efifective = j2 ( 1 ) 

Nonlinear Reactances. The magnitude of an inductive reactance 
{2irfL) of a pure inductance L varies with frequency linearly as de- 



Fia. 3. Magnetic skin effect in circular iron core. 


picted in Fig. 1. It is impossible to construct an inductance or choke 
coil which does not have some ohmic resistance because the coil con¬ 
sists of turns of metallic conductors which have resistance. Thus the 
impedance of inductance coils may be resolved into a component of 
resistance and a component of reactance in series. For most applica¬ 
tions in electronics it is desirable to keep the resistance of choke 
coils low and the inductance L high, making the ratio L/R important 
in coil design. The ratio 2vJL/R is called the figure of merit, or Q, 
of a coil. In general, it is desirable to use coils having a Q of 10 or more 
for audio frequencies and of 100 and higher for raHm frequencies. 
The importance of high values of Q will be pointed out in later dis¬ 
cussions. ' 

The impedance of a choke or inductance coil (R + j2ir/L) is not 
always linear with frequency and current variations. Thus the re¬ 
sistance component R varies with frequency because of skin effect. 
If the coil contains an iron core the value of L will vary at low fre¬ 
quencies with the saturation of the core. For the typical magnetiza- 
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tion curve shown in Fig. 3a, the flux in the core will vary directly 
with H for the range from a to 6 and L will be constant, but, for the 
range from h to c, L will be subject to continuous change (nonlinear). 
With the rise in frequency another form of “skin effect^^ takes place in 
the iron core which forces the flux to the outside and makes the iron 
core less effective. Thus in Fig. 3b the flux changes in cylindrical 
element a of a circular iron core will induce an eddy current in tubes 
b and c. These eddy currents will oppose the flux change in a and re¬ 
duce the magnitude of the resulting flux. Similarly, the flux in tube 
element b will induce eddy currents in tube c which will tend to reduce 

the flux in both a and b. The result 
of this action is to produce a flux dis¬ 
tribution in the core as shown in the 
lower part of Fig. 3b and to produce 
a watts loss due to the eddy currents 
present. 

The use of iron cores in choke coils 
is desirable for raising the Q of the 
coil but is subject to the limitations 
arising from hysteresis and eddy cur¬ 
rents. Ordinary iron cores (lami¬ 
nated) cannot be used effectively in coils for frequencies above the 
audio range. Powdered iron cores may be used for frequencies up to 
100 megacycles per second because the insulation of the iron particles 
reduces the eddy currents to very low magnitudes. 

Resistors and inductance coils usually possess some distributed 
capacitance which may introduce troublesome circuit conditions at 
high frequencies. A single insulated conductor has some capacitance 
to ground. When wound in the form of a helical coil, a distributed 
capacitance exists between the individual insulated turns, from turns 
to ground (Fig. 4), and from layer to layer where two or more layers 
of insulated conductors exist. Where two or more insulated windings 
are used as in transformers, there will be a distributed capacitance 
between windings and between windings and core. Distributed capaci¬ 
tances may produce undesirable resonant effects at high frequencies. 

The voltage drop across a capacitance for a fixed frequency is di¬ 
rectly proportional to the current flow (Eo = Ic/2njC ). However, the 
reactance of a pure capacitance is inversely proportional to the fre¬ 
quency (Xo = \/2irjC) and is a nonlinear function with respect to 
frequency, as shown in Fig. 1. This nonlinear function becomes very 
useful in resonant circuits. Condensers of practical design have some 



T 


Fig. 4. Distributed capacitance in 
a coil. 
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inductance and hence do have a resonant frequency. The major 
source of inductance in a condenser is the self-inductance of its leads 
plus that introduced by the geometry of its plates (spirals, etc.). 

Resonant Circuits. Resonant circuits 
consist of combinations of inductance L 
and capacitance C plus some resistance R 
since inductances and capacitors always 
contain some ohmic resistance. Typical 
characteristics of the series-resonant cir¬ 
cuit are shown in Fig. 5. Assume that M 

the voltage across the LC combination is 
held constant and the frequency is varied * 
from zero. The reactances of the in- ^ 
ductance Xl and capacitance Xo will + 
vary as previously shown in Fig. 1 and 
repeated in center view of Fig. 5. The 
reactance of the series combination Zj, 0 
equals + (—Xc) and is depicted by 
the dotted line. For one value of fre¬ 
quency fr the inductive reactance Xl 
equals the capacitive reactance Xo, giv¬ 
ing zero reactive impedance for the cir¬ 
cuit. This represents the condition of 
series resonance and the frequency jr is 
called the resonant frequency. The cur¬ 
rent I flowing in the series circuit for 
the varying frequency is shown in the 
lower part of Fig. 5. When the frequency 
is zero the capacitance blocks the current 
(direct) because Xc is infinite. As the 
frequency rises C conducts, and as the 
frequency of resonance is approached the 
current rises rapidly, reaching a peak at 
the resonant frequency (if L and C had 
zero resistance the current would rise to 
infinity provided that the impressed volt¬ 
age were maintained). Beyond resonant frequency tne current falls off 
rapidly. Since the circuit always has some small resistance the 
resonant peak rises to some point such as a. If the resistance R of the 
circuit is increased the resonant peak will be reduced to points such as 
b and c and the relative width of the peak will increase. Obviously 
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the series resonant circuit is highly selective for a narrow band of 
frequencies and is used where a selective filter is desired. 

The resonant frequency depends on the magnitude of L and C and 
can be made to vary over a wide range by making either L or C vari¬ 
able. Resonance exists when 

Xl^Xc 

W = ^ ( 2 ) 


- 2WLC 

where fr is the frequency of resonance. 

Since the inductance coil contains some effective or ohmic resistance 
22, the impedance of the series circuit is 




Z=^R+j 


and at series resonance from equation 2, 

Z = 72 (5) 

This means that at resonance the circuit is purely resistive and the line 
current is 

'-I <® 

The voltage drop across L is LwJ which at resonance from equation 6 
must be 

E 

Voltage across L at resonance = Lw — = EQ (7) 

R 


Thus with a coil having a high Q it is possible to obtain a high circuit Q 
and high amplification of voltage across a series resonant circuit. A 
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series LC circuit without resistance and carrying a current I is shown 
in Fig. 6. At the resonant frequency the voltage drops across the ele¬ 
ments will be 


Vl = IXl 
Vc = IXc 
Val =Vl + Yc 
and at resonance 


Xl = -Xc 


Vab^O 


Since there is no difference of potential 
between points a and 6, these points may 
be connected as shown in part a of Fig. 
7. The new connection gives a parallel 
LC circuit having a current circulating 
within itself. There Avill be a voltage drop 
across the parallel circuit equal to IXl 
or —IXcy but no current will flow out¬ 
side the parallel branches. The imped¬ 
ance Z of the parallel circuit by Ohm’s 
law is 


Z 


V _ IXl 
7 “ 0 


00 


or the impedance Z of the parallel circuit 
may be calculated thus: 


Z - 


At resonance, 


Xl + Xc 


hence 


Al = -Xc 



0 





(e) 

Fig. 7. Antiresonance. 


Thus a parallel circuit consisting of pure L and C will offer an infinite 
impedance at Ihe frequency of resonance. Since the series-resonant 
circuit offers zero impedance at resonance it is the usual practice to 
speak of parallel resonance as antiresonance. The current in the 
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parallel branches of L and C and the line current for a variation of 
frequency are shown in part b of Fig. 7. The variation of the im¬ 
pedance of the parallel LC circuit with frequency has the peaked value 
shown in part c of Fig. 7. 

Some resistance R is present in the inductive arm of the parallel 
resonant circuit though a good capacitor will show negligible effective 

resistance. For the parallel circuit of Fig, 8 



Fig. 8. Series resonance. 


the parallel impedance may be written 


(R^+jcDi-^j/cC) 

For the condition jcaL = j/(aC the denomi¬ 
nator reduces to Ri,. If Q is large, Rl may 
be neglected in the numerator, giving 


and 



QXl = QXc 


Q Ij(j) Ij 

Co) RlCo) RlC 


(9) 

( 10 ) 


Equations 9 and 10 show that at anti-resonance a parallel LC actft 
as a pure resistance and that the magnitude of the impedance is ap- 
proximately Q times the reactance of either branch at that frequency. 

The parallel LC circuit is frequently called a tank circuit. Its criti¬ 
cal or resonant frequency for the anti-resonant condition with, large 
value of Q is calculated by the same formula (equation 3) as for the 
series resonant circuit. The anti-resonant condition may be pro¬ 
duced in an LC parallel circuit for a wide range of frequencies by a 
variation of the magnitude of L or C as in a series circuit. Whenever 
a series or parallel LC has its value of L or C adjusted to be in reso¬ 
nance for a given frequency it is said to be tuned for that frequency. 
As such it is called a tuned circuit, and tuned circuits play a very im¬ 
portant part in electronics. 

For industrial applications the Q of a coil is often expressed as volt- 
amperes divided by the watts, or VI/W, This is a relationship that is 
derived from the first ratio as follows: 


2wfL 2irfLIXl VI 

^~~R RXP 

Inductance coils are frequently used in series and parallel resonant 
circuits where the loss in the capacitor is close to zero and the Q of 
the coil becomes the VI/W for the resonant circuit. 
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Resonant circuits have many applications. They may be used for 
(1) frequency discrimination (i.e., filter action in selecting or reject¬ 
ing certain frequencies), (2) impedance matching in connecting two 
units such as generator and load, and (3) voltage amplification. 

RC Timing Circuits. The time required for transient current and 
voltage changes in component circuits consisting of resistors and ca¬ 
pacitors is very useful in timing operations. Two combinations of 




Fig, 9 Ashcmblios of RC timing ciicuits. 


RC circuits together vith transient equations and curves are shown 
in Fig. 9. If a d-c source is used to charge a capacitor in parallel 
with a resistor and the switch to the supply is opened, the capacitor 
will discharge at a definite rate determined by the time constant RC 
of the circuit. After an elapsed time equal to the time constant RC, 
the voltage will fall to 37 per cent of its initial value. Similarly, 
after a second interval equal to RC, the voltage will decay by a like 
ratio; thus this form of timing circuit is very useful. A sim ple formula 
for th is circuit is time (seconds) equals resistance (megohms) time^ 
capacitance (microfarads), for decay to 37 j)er cent jpf imtilil value^ 
Thus, if, in Fig. 96, JR is 1 megohm, C is 1 /xf, and E is 100 volts, the 
voltage will fall from 100 to 37 volts in 1 second. Doubling the value 
of either R or C will double the time required for the same voltage 
change. The shape of the voltage decay curve can be controlled by 
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the substitution of some nonlinear device in the place of a resistor. 
For example, a pentode properly used in place of B will give a linear 
decay curve. 

Voltage across a capacitor while it is being charged may be used 
to give another form of timing circuit. In Fig. 10 a resistor and 
capacitor are connected in series across a source of d-c supply, and a 
glow tube is placed in parallel with the condenser. When the d-c 
voltage is applied, current flows through the resistor R into the capaci¬ 
tor and gives it a charge. The voltage across the capacitor fe^. = q/c 
(charge/capacity) ] rises until it reaches the ^^firing^^ or discharge value 
of the glow tube. When the glow tube fires it takes whatever current 



Fig. 10. Simple relaxation oscillator circuit. 

is passed by R plus a heavy discharge current from the capacitor. The 
voltage Be across the capacitor falls very rapidly until it reaches the 
extinction point—^the minimum ionizing potential across the glow 
tube.* At this point the glow tube ceases to conduct and the capacitor 
starts to charge again. When the capacitor voltage reaches the tube 
firing potential, the process is repeated. This simple circuit, known 
as a relaxation oscillator, will produce a series of sawtooth voltage 
timing waves (Fig. 10 right) which'are useful in oscilloscopes and 
similar devices. 

Subsequent discussions will cover other applications of RC parallel 
circuits such as holding bias on the grids of tubes, filters for shunting 
out r-f voltages and d-c currents, and the feedback for oscillators. 

Diode Plate Characteristics. The plate current-voltage character¬ 
istic of a vacuum diode was discussed in Chapter III. A portion of 
this curve is shown in the heavy full-line curve of Fig. 11. This is the 
static characteristic for voltage readings taken directly across the 
electrodes of the tube and its curvature follows Childs^ equation for 
the region shown. The dynamic plate resistance Vp for the diode 
varies with the position on the curve and may be calculated for a 

* Operation of a glow tube is explained in Chapter XII. 
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point as the ratio For the usual range of operation this re¬ 

sistance Vp does not vary greatly, and, since the value of Vp is usually 
small compared to the load resistance Rl, it is satisfactory to apply 



Fig. 11. Static and dynamic characteristics of a vacuum diode. 


an average value of in making rectifier calculations. In the com¬ 
plete rectifier circuit the tube resistance Vp appears in series with 
the load resistance Rj, (right side of Fig. 11) and the interest may 



Fig. 12. Graphic^il solution of diode rectification from dynamic characteristic- 

center around the applied a-c voltage e rather than the voltage drop 
across the tube. In this case the hRl drop across the load may be 
added to the static curve to give the dynamic characteristic shown by 

* Symbols ct and ih represent total instantaneous values of plate voltage and 
plate current. 
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the dotted line in Fig. 11. The dynamic characteristic will be more 
nearly linear than the static line. The dynamic curve may be used 
for providing a graphical representation of half-wave rectification of 
an a-c wave as shown in Fig. 12. Further analysis and calculations 
for the process of rectification will be given in a later chapter on recti¬ 
fication. 

Triode Plate Characteristic. The dynamic plate-current grid-volt- 
age characteristic for the vacuum triode can be determined from the 



Fig. 13. Dynamic characteristic of a triode. 


family of static transfer characteristic curves as illustrated in Fig. 13. 
That static curve should be selected wdiich corresponds to the desired 
plate supply voltage (heavy line in figure), and then the grid bias 
should be selected. To simplify the construction a grid bias equal 
to the cutoff may be chosen. Then a load triangle Oab may be drawn 
by adjusting the drop between a and b to the same scale of volt¬ 
ages as the horizontal distance between the static curves on the left. 
The addition of the i^Rj, drops on the triangle to the static curve 
gives points for the dotted dynamic transfer characteristic. As in the 
diode, the dynamic curve is more nearly linear than the static curve. 

The static transfer characteristic Nof the triode shown by the dotted 
line in Fig. 14 is approximately parabolic in form and may be repre¬ 
sented by Childs^ equation. The dynamic curve may likewise be rep¬ 
resented by a parabolic equation. However, the use of the latter equa¬ 
tion for predicting the plate output current of a triode when an a-c sig¬ 
nal is applied to the ^id is not desirable because (1) a mathematical 
solutiomLiHflinvolved; (2) a different equation exists for each value of 
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load resistance jBl/ and (3) more simple graphical methods are avail¬ 
able for securing the desired information. 

The nonlinear form of the dynamic curve introduces a problem of 
distortion in the application of the triode as an amplifier. Assume 
that a load resistor in the simple triode circuit in Fig. 14 results 



Fig. 14. Graphical analysis of tlie operation of a triode on its dynamic charac¬ 
teristic. 

in the dynamic curve shown by the heavy full line. The negative 
grid bias of Eco acting alone will cause the tube to operate at the static 
or quiescent operating point and produce a steady plate current with a 
magnitude Os. Next assume that an a-c sine-wave signal voltage Cg = 
E sin wt is applied to the grid of the tube. This signal will cause the 
resulting voltage on the grid to swing between the limits of points a 
and 6. The construction of dotted vertical and horizontal lines shows 
that the outpfft plate current will be caused to swing as shown on the 
right. The positive and the negative loops of the a-c output current 
as measured from axis through the static operating pfAnt asMinequal 
in size. Since the positive loops in the output current of are 
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larger than the negative, the average of the direct current in the plate 
current rises from the value Os to some value Od. A horizontal axis 
through d will cut the dynamic curve at a higher point called the 
dynamic operating point. A study of the curve and construction of 
Fig. 14 shows that this inequality in the positive and the negative 
current loops is due to the nonlinearity of the dynamic curve since 
with a linear curve they would be identical. This inequality of the 

alternating current loops is called 
amplitude distortion or nonlinear 
distortion, and such distortion is 
very undesirable where the tube 
becomes a link in a circuit chain 
for reproducing music and other 
sounds. 

Amplitude distortion is marked 
by the presence of harmonics 
(multiples of fundamental) in 
the output current. This state¬ 
ment is verified pictorially in Fig. 
15 in which a fundamental is 
combined with its second harmonic to produce an unsymmetrical wave 
which is characteristic of amplitude distortion. 

The presence and the measurement of harmonics in the output cur¬ 
rent of a vacuum tube may be determined by analytical and graphical 
methods. The alternating component of the output current ip shown 
in Fig. 14 may be represented by the following general form of power 
series 

ip = cue + a2e^ + a^e^ H- (11) 



Fig. 15. Nonsymmetrical resultant wave 
from combination of the fundamental 
and second harmonic. 


where e is the signal being applied to the grid. If a sinusoidal voltage 
Eg sin cot is assumed to be applied to the grid, equation 11 becomes: 

ip^aiEg sin o)t+a 2 Eg^ sin^ ot+a^Eg^ sin^ cot+a 4 Eg^ sin'^ cot-{ - (12) 

The substitution of equivalent trigonometric functions for the sin^ wf, 
sin^ otj and sin^ wf, followed by a collection of like terms, gives an equa¬ 
tion which reduces to the form 


ip = X + Hi sin cot — H 2 cos 2o)t — Hz sin Scot + H 4 cos 4ot 

+ Hq sin Scot- • • (13) 

This e quat ion shows that any form of current wave for ip can be pro¬ 
duced fundamental wave plus a series of harmonics of suitable 
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amplitude (JS factor) and a constant or d-c component of magnitude 
The factor K is the d-c component represented by the distance sd on 
Fig. 14. The total current flowing in the plate circuit h is that repre¬ 
sented by equation 13 plus the quiescent direct current Ij, 

ib Ih + K. + Hi sin cos wt — sin Scat + cos 4o)t 

+ jHs sin • • (14) 

In the application of vacuum tubes it is necessary to know the 
amount of amplitude distortion, and that means the magnitude of the 



Fig. 16. Grajihical reiiresentation of the conii^onents in a nonsymmetrical plate 

current. 

H factor of the harmonics. The H factor may be determined by 
analytical or graphical methods or by a combination of both. !A 
simple method of determining the H factors for the fundamental and 
second harmonic where the other harmonics may be considered negli¬ 
gible is illustrated in Fig. 16. The heavy line of this figure is assumed 
to be a lopsided or unsymmetrical current-output curve which has 
been formed by combining a fundamental sine wave of amplitude Hi 
with a second harmonic of amplitude H 2 and adding the d-c plate com¬ 
ponent to give the total plate current 4. To understand these curves 
note the following points. The steady or quiescent plate current (no 
grid signal) is ho- When the fundamental sine wave of curve 1 (ampli- 
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tude Hi) is combined with its second harmonic of curve 2 (amplitude 
H 2 ) f the resultant wave form is represented by curve 3. The combina¬ 
tion of the fundamental and second harmonic produces a d-c shift 
component of some magnitude K, Hence it is necessary to elevate 
curve 3 by the magnitude K, bringing it into position shown by curve 
4, Now, referring to the ordinate of zero time, it will be observed that 
the upward shift K is equal to the amplitude of the second har¬ 
monic H 2 . 

K = H 2 (15) 

At the ordinate corresponding to one-fourth cycle of the fundamental 
frequency wave the plate current reaches a maximum /max where 

/max = Iho + Hi H2 K (16) 


and at the three-fourths cycle of the fundamental frequency wave the 
plate current reaches a minimum where 


Imin = Ibo — Hi + H2 + K 

(17) 

The solution of equations 15,16, and 17 reduces to 


Hi “ ^(/max I min) 

(18) 

H2 ~ 4 (/max 4 ” Immd 2^bo 

(19) 

H. = 4 (/max “f" -^min) " 2 ^bo 

(20) 

These equations represent the constants for the first three terms of 


equation 13. A similar line of reasoning can be applied to determine 
the formulas for the constants for the third and higher harmonics. In 
most design problems all harmonics above the third are small and may 
b^ neglected. In triodes the second harmonic is the most important 
cause of distortion and often the effect of other higher harmonics may be 
neglected because of their small magnitude. The magnitude of the 
terms /max, Imin, and ho for calculations involving the preceding equa¬ 
tions may be taken from developments from the dynamic curve, as 
shown in Fig. 14, but the usual and convenient practice is to secure 
them from the dynamic load line as will be explained in a succeeding 
chapter. 

If a small a-c signal voltage is introduced into the grid circuit, the 
tube will operate over a small section of the dynamic curve which is 
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more nearly linear and the distortion will be correspondingly reduced. 
With the increase of the signal strength and the swing of the grid volt¬ 
age, the amplitude distortion and the magnitude of the harmonics in¬ 
crease. (It is obvious that the operation of the triode over any section 
of the dynamiq curve which is nearly linear will give low distortion. 

Problems 

1. A choke coil takes a current of 250 ma and consumes 3.0 watts at 6000 
cycles. What is the effective resistance of the coil? If the impressed voltage 
across the coil is 120 volts rms, what is the Q and L of the coil for the given 
set of conditions? 

2. A coil with an air core has an effective resistance of 28 ohms and in¬ 
ductance of 48 mh at 2500 cycles. What is the Q of the coil? 

3. A series RLC circuit has a resistance of 65 ohms, a capacitance of 1.0 

and an inductance of 15.0 mh. What is the resonant frequency and the 

impedance of the circuit at resonance? 

4. A piuallel LC circuit consists of a choke coil having an L of 2.5 mh 
with a resistance of 2.5 ohms, and a capacitance of 4.0 ^f. Calculate (1) the 
frequency at anti-resonance (2) the Q of the circuit, and (3) the impedance 
of the circuit. 

5. A tuned parallel circuit has a Q of 70 at its resonant frequency of 80 
KC, If the L of the choke is 2.0 mh, what is the impedance of the tuned 
circuit at resonance? 

6. A parallel tuned circuit has a Q of 85 and a capacitance of 0.1 A^f at 
the resonant frequency of 150 KC, What is the impedance of the tuned cir¬ 
cuit at resonance? 

7. In the RC timing circuit of Fig. 95 having a resistance 1.0 megohm and 
an impressed voltage of 100, the voltage across the resistor drops to 37 volts 
in 3.0 seconds. What is the magnitude of C? What is the magnitude of % 
at this point ? 

8. Design an circuit like Fig. 96 where the voltage across R will fall 
to 13.7 per cent of its initial value in 5 seconds. 

9. In Fig. 9a, R has a value of 0.5 megohm and C is 4.0 iii with E equal 
to 115 volts. How long will it take for the voltage across the condenser to 
rise to 72.5 volts after >8 is closed? What will be the magnitude of the cur¬ 
rent 4 seconds after the switch is closed? 

10. The quiescent current in the plate circuit of a triode amplifier is 30 
ma. For a constant-frequency sine-wave input to the grid the plate current 
has a maximum value of 60 ma and a minimum of 20 ma. Calculate the 
^ 2 , and K factors. 
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VACUUM-TUBE AMPLIFIERS 


Amplification. The vacuum triodc, tetrode, pentode, and beam- 
power tube are amplifying tubes. Their association with suitable cir¬ 
cuits constitutes one type of amplifier, and as such they have revolu¬ 
tionized the art of electrical communication, measurement, and control. 
The function of the amplifier is to increase or magnify a very weak 
signal \mtil it is capable of controlling suflScient electric power for 
producing light, sound, or mechanical work. An amplifier does not 
create energy but controls sources of electric energy to give outputs 
that follow the form of the original input signal. An amplifier per¬ 
forms its function in one stage or in a series of stages or steps. 

The individual stage of an amplifier may be designed for (1) volt¬ 
age amplification, (2) current amplification, or (3) power amplifica¬ 
tion. Voltage amplification signifies that the output voltage across 
the load is greater than the voltage in the input signal and that the 
power output is small. Current amplification is used when the load 
on the amplifier requires a relatively large current rather than voltage 
for operation. Power amplification means that the output power 
(volts times amperes times power factor) is large compared to that 
of the input signal. Frequently a complete amplifier consists of one 
or more stages of voltage amplification succeeded by a final stage of 
power amplification. Any amplifying tube may be provided with a 
circuit to give either voltage, current, or power amplification. How¬ 
ever, the maximum allowable output of a tube is determined by its size, 
construction, and the heat dissipation of its plate. Hence design 
practice usually employs a small tube of low plate dissipation for volt¬ 
age amplification and a larger tube of high plate rating for the power- 
amplification stage. The over-all power gain in an amplifier of several 
stages may be very large—approaching infinity—^because the input 
to the first stage of voltage amplification may approach zero, whereas 
the energy output of the final stage may be large. The student should 
note that the phenomenon of amplification is essentially the same 
whether the desired output is power, voltage, or current. 
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Amplifier Distortion. The function of an amplifier is to increase the 
energy level of the signal applied to the input terminals without chang*^ 
ing its wave form or frequency spectrum. If the output of the ampli¬ 
fier is not an exact replica of the input, except in magnitude, distortion 




Fig. 1. Graphical representation of frequency distortion in an amplifiefr. 


is present. The types of distortion are called amplitude, frequency, 
and phase. 

Amplitude distortion exists when the magnitude of the output of the 
amplifier is not directly proportional to the input. This type of dis¬ 
tortion occurs when the dynamic transfer characteristic of the ampli¬ 
fier is not a straight line as explained in the preceding chapter. Ampli¬ 
tude distortion is maximum (assmning proper tube bias) when an 
amplifier is delivering outputs near or in excess of its maximum rating. 
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Frequency distortion is caused by an unequal amplification of the 
different frequency components in a signal. This is illustrated by the 
gain versus frequency characteristic of an amplifier shown in Fig. 1. 
Frequency distortion for the fundamental at point a and its second 
harmonic at point h is illustrated in the middle and the lower views of 
Fig. 1. Frequency distortion is usually the result of the design of the 
associated circuit rather than an inherent property of the amplifying 
tube. 



I I 

I I 

I 

I 
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!—2nd harmonic 




Fig. 2. Phase distortion in an amplifier. 


Phase distortion results when the phase relation between the sinus¬ 
oidal components of a complex signal is changed by the amplifier. 
Hence the time of transmission through the amplifier circuit differs 
for various frequencies. Phase distortion is illustrated in Fig. 2. 

The amount and kind of distortion that can be tolerated varies 
with different types of amplifiers. Amplitude distortion must be re¬ 
duced to the minimum in audio-frequency amplifiers as the human 
auditory system is very sensitive to the discordant tone combinations 
that result. The presence of frequency distortion in audio amplifiers 
is not so objectionable, provided that the frequency band width of the 
amplifier is adequate to pass an intelligible signal and the gain over 
the pass band is reasonably uniform. Ordinary speech is transmitted 
without loss in intelligibility if the pass band is limited to a range of 
200 to 2500 cycles. The average individual fails to detect the loss in 
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quality of transmitted music when the pass band is limited to a range 
of 100 to 5000 cycles. Human beings are incapable of detecting phase 
distortion by ear unless the time-delay variations over the pass band 
are many times greater than those found in audio amplifiers. 

The distortion problem in the video amplifiers used in television 
and radar systems is the reverse of that for audio amplifiers. Video 
amplifiers must amplify the input wave form with minimum change 
in shape. Any complex periodic wave can be resolved into sinusoidal 
components with finite amplitudes and phase displacements.* The 
most important factor in determining the wave shape is the phase dis¬ 
placement between the components. Therefore, phase distortion 
must be held to the minimum in video amplifiers. Frequency dis¬ 
tortion usually accompanies phase distortion, but its distorting effect 
on the wave shape is much less. The importance of minimizing ampli¬ 
tude distortion depends on the type of wave form being amplified. 
Considerable amplitude distortion can be tolerated in a television video 
amplifier as its major effect is to reduce the contrast in either the 
highlighted or lowlightcd areas, or both, of the picture. Often ampli¬ 
tude distortion is introduced into a television system to reduce the 
contrast range. 

Phase distortion or time delay is an important problem in ampli¬ 
fiers used in control systems such as speed regulators because the time 
delay may cause instability or ^^hunting^^ in the controlled mechanism. 

Factors Limiting Amplifier Performance. Voltage amplification of 
more than one million is possible in a well-designed amplifier circuit. 
The limit of maximum usable amplification is reached when spurious 
currents generated within the amplifier approach in magnitude the de¬ 
sired signal current. Tliese unwanted currents are called “noise cur¬ 
rents” and can be divided into: 

(a) “Shot noise”—generated by the random and varying emission of 
electrons from the cathode. 


(b) “Thermal noise”—due primarily to the movement of free elec¬ 
trons in the grid circuit (usually in grid leak resistor). 

(c) “Partition noise”—^present in tetrodes and pentodes due to 
I slight changes in the number of electrons falling on the screen grid as 

a result of random variations in transit to the plate. 

id) Microphonics—caused by vibration of the elements within the 
tube or of other components and wiring in the circuit. 


* Reddick and Miller, Advanced Mathematics for Engineers, Chap. V, Fourier 
Series, John Wiley & Sons, 1947. 
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(e) Hum and other noises—caused by stray electrostatic or electro¬ 
magnetic fields and by improperly filtered supply voltage. 

A study of the process by which electrons are released from metals 
reveals that this emission is completely at random. Hence at any one 
instant, more (or fewer) electrons may break away from the attrac¬ 
tion of the cathode than at some other instant. If a large space charge 
exists in the tube, fluctuations in the current reaching the plate will 
be greatly reduced because the space charge acts as a reservoir of 
electrons. In the absence of space charge, plate current must vary as 
the emission varies. Shot noise can best be minimized, therefore, by 
using a cathode with ample emission and operating the control grid as 
far negative as possible. 

In any conductor loosely bound electrons in the outer shells of the 
atoms are continually changing places with those of other atoms. This 
motion is at random so that at any instant more electrons may be mov¬ 
ing in one direction than in the other. 

Since this noise voltage varies with temperature, it is called thermal 
noise and is known as the Johnson effect. Because the energy of 
thermal and shot noise is uniformly distributed over the entire fre¬ 
quency range, one of the best ways in which to reduce their effect is to 
limit the pass band of the amplifier to include only those frequencies 
actually needed. The grid circuit resistance also can be reduced, but 
when this causes a corresponding reduction in desired signal no im¬ 
provement in signal-to-noise ratio will result. 

Microphonics can be controlled best by tubes of rugged construction 
where the elements are small and rigidly supported. A heavy shield 
around the tube usually keeps sound pressure waves from vibrating 
the elements. A cushion mounting for the tube usually helps, and 
sometimes an entire multiple-stage amplifier must be shock-mounted. 
In a high impedance load circuit followed by a large amount of 
amplification, the vibration of components such as condensers, resistors, 
and wiring may produce spurious voltages many times greater than the 
desired signal. Leads should be short and rigid with all components 
anchored securely in place. In extreme instances it may be necessary 
to ^^pot” the entire assembly in wax. 

Amplifiers operating from a rectified a-c supply may pick up strayl 
hum if suitable precautions are not observed. All plate voltage supply 
{B+) leads should be well filtered. When alternating current on the 
filaments of low-level stages are used, the cathodes should be con¬ 
nected directly to ^^grqund'' (the common side of the circuit) or the 
voltage between heater and cathode should be adjusted to minimize 
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hum due to heater-cathode leakage and capacity. If a cathode resistor 
must be used for grid bias, a large by-pass condenser should be con¬ 
nected from cathode to ground. Audio transformers should have bal¬ 
anced windings and thick well-fitted iron shields. Power transform¬ 
ers and filter chokes should be kept well separated from the audio 
transformers. A heavy copper band placed around the power trans¬ 
former will act as a shorted turn and materially reduce stray leakage 
flux. Electrostatic fields and circulating currents in the amplifier 
chassis often cause hum, which can be eliminated by proper placement 
of parts, shielding, and correct location of ground points. 

Factors which limit the highest frequency that can be amplified by 
a vacuum tube are lead inductance, interelectrode capacity, and elec¬ 
tron transit time. These may be minimized by proper design of the 
tube and circuit. 

Gain as a Logarithmic Function. The human ear r esponds to 
sounds of differe nt inten^ties in a lo garithmic maniy r. jt^'or this rea¬ 
son it is desirable to show the gain (or loss) of a circuit as a logarithmic 
function. The standard unit which expresses this relationship is the 
bel, so named in honor of Alexander Graham Bell. A convenient prac¬ 
tical unit is the ^^decibeF’ (one-tenth of a bel), which is about the 
smallest difference in power level the ear can detect. The decibel is 
usually abbreviated to db and is defined by the equation 


P 2 

db = 10 logio — 
i i 


where Pi is the input power and P 2 is the output power of the circuit 
under consideration. 


If the output power is less than the input, the circuit has a net loss 
in gain which is designated by a negative sign. A gain of unity will 
be equivalent to 0 db, since the logarithm of 1 is 0. It is preferable 
to specify changes in output power as ^^db gain” or ^‘db loss” rather 
than by positive or negative signs. 

When the resistances in which powers Pi and P 2 are developed are 
equal, then 

Decibels (db) = 10 logic ^ — (2) 

hji /it hx 

and 


Decibels (db) = 10 logio 


h^R 

ITr 



(3) 
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A conveniently arranged table or a curve like that in Fig. 3 can be 
used to advantage when power, current, and voltage ratios are con¬ 
verted to db. 

It has become rather common to speak of the over-all voltage gain 
of an amplifier in terms of decibels without regard to any difference 
between input and output resistance. Since gain in decibels is de¬ 
fined as a function of the power ratio, this usage is not strictly cor- 



Power, Current, or Voltage Ratio 

Fig. 3. Logarithmic gain in amplifiers. 


rcct, and it should always be clearly stated when a voltage ratio only 
is considered. 

Often the output of a circuit is compared to some arbitrary reference 
level. Six milliwatts w^as chosen by the telephone industry since 
that was the normal output of a standard telephone ^'repeater^^ tube. 
Based on this reference level, a circuit delivering 3 mw is said to have 
an output of —3 db. An output of 6 watts is +30 db. Other refer¬ 
ence levels commonly used are 10 mw and 12 mw. In an attempt to 
standardize on one power reference level, the term “volume unit^^ (vu) 
has been adopted in place of decibel. This unit has the same defining 
equation as the decibel but is always based on a reference level of 
1 mw, a reference resistance value of 600 ohms, and with definitely 
specified characteristics for the measuring instruments.* 

*Proc, January 1940, New Standard Volume Indicator and Refer¬ 

ence Level,” by H. A. Chinn, Dr. Garnett, and R. W. Morris. 
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Decibels are especially convenient when the total gain or loss in a 
system is being calculated since it is only necessary to add algebraically 
the figures for each part of the circuit. For example, in a certain 
telephone circuit the line may have a loss of 12 db, the equalizer a 
loss of 6 db, and the repeater a gain of 20 db. Total gain is —12 — 6 + 
20 = +2 db. 

The Vacuum Tube as a Negative Grid Amplifier. Figure 4 is the 
circuit of a triode amplifier with a resistance load. Tetrode and pen¬ 
tode tubes are connected like triodes except that the screen grid must 
be supplied with the proper positive voltage, usually less than 


- lb 



and the suppressor connected to the cathode. The screen-to-cathode 
impedance at signal frequency must be low to prevent degeneration 
and loss in gain. For simplicity, batteries are shown as the plate and 
grid supplies, whereas the filament circuit has been omitted. The 
principles of operation to be discussed will, of course, be the same with 
heater-type tubes operated from a rectified a-c supply. Standard 
nomenclature covering amplifier circuit parameters has been adopted 
by the Institute of Radio Engineers (Standards on Electronics, 1938) 
and is summarized in the table opposite page 1. 

When a signal voltage eg is applied to the grid, the plate current U 
follows the variations in grid voltage. If the grid potential becomes 
more negative, % decreases; if the grid swings in the positive direction, 
plate current increases. Since the plate current flows also through the 
plate load resistor Rl, any variation in current will cause a change in 
the hRl drop. Proper choice of /i, Vp, and Rl will cause the plate- 
voltage variation to be many times that of the original signal,^ and 
voltage amplification is produced. 

In normal operation where the grid is held negative with respect 
to the cathode, the current flowing to a grid % is negligible. Therefore, 
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if the resistance of Rg is high, little power will be drawn from the signal 
source and the power gain in the stage will be very great. The source 
for this output power is the plate supply Ei,i, with the amplifier acting 
as a converter changing d-c power into a-c signal power. Referring 
to a hydraulic analogy, the tube acts like the valve in a water pipe 
where a small force exerted on the handle of the valve may control 
the flow of an enormous volume of water. For this reason vacuum 
tubes are sometimes called ^Valves.” 

The phase relationship of the various voltages and currents in an 
amplifier stage produced by a sine-wave signal is shown in Fig. 5.* 
The a-c grid signal eg is shown at the zero axis. This signal is shifted 
by the grid bias to an axis about Eco giving a resultant instantaneous 
value such as Cc. With zero a-c signal on the grid, the plate current 
assumes its quiescent value indicated by I^o. With the application of 
an a-c grid signal the plate current follows the grid, giving a total in¬ 
stantaneous current of value 4, a varying a-c component of ip, and an 
average value of ha-f If the swings of a-c plate current take place over 
a linear section of the dynamic curve, the quiescent value ho and the 
average value 7^® will be the same, but for the nonlinear condition the 
magnitude of the average value ha will be greater for reasons discussed 
in the preceding chapter. For a zero grid signal there is a constant 
quiescent voltage Ei,o across the tube. With the introduction of the 
a-c grid signal the plate voltage varies, having instantaneous total 
values such as e^ and instantaneous varying component values of Cp. 
The axis of the a-c plate voltage shifts for operation on nonlinear 
dynamic curves. The important thing to be noted in this analysis of 
phase relations is that the plate current is in phase with the grid signal 
but that the plate voltage variation is 180 degrees out of phase with 
the grid signal. The instantaneous output voltage e^ across the load 
is the drop produced by the current flowing through the load resist¬ 
ance Rl, or Zl where reactance is present. 

The operation of the negative grid amplifier can be analyzed by two 
methods. In one method the assumption is made that the tube is a 
linear device, i.e., operation occurs with a linear dynamic character¬ 
istic. This method employs the concept of a simple equivalent circuit 
and serves well for signals of small amplitude or where operation 
occurs over a linear section of the dynamic curve. The second method 
of analysis accepts the nonlinearity of the tube characteristic and em- 

* See table opposite page 1 for review of letter ^mbols. 

t Often given as 7^,. 
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ploys graphical solutions with load lines placed on a family of plate 
characteristics of the tube. 

Equivalent Circuits. The calculation of the gain for a single stage 
of a vacuum-tube amplifier can be greatly simplified by the use of the 
equivalent circuit shown in Fig. 6. In part a of this figure the plate 
circuit of the vacuum tube is replaced by a generator having an emf _of 
fiCff and a resistor having the same value as the internal or dynamic 



(o) (6) 

Fig. 6. Equivalent circuits for amplifiers (a) constant-voltage form, (b) con¬ 
stant-current form. 


plate resistance Vp of the tube. This generator circuit is connected to 
the plate load If the load is a pure resistance Rj,, the plate current 
will be: 


tp — 

rp + Rl 


(4) 


where eg and ip are the instantaneous values of the varying components. 
The current considered is the electron current flowing from cathode to 
plate and thence through the load impedance. Such a current will pro¬ 
duce a voltage rise in the direction of current flow. Since the voltages 
in tibte plate circuit are 180 degrees out of phase with the signal voltage 
Cg (assumed jpositive), the varying component of load voltage across 
theload resistor will be: 


Bg 'f'pRL 


u^gRh 

rp + 


(5) 


Dividing both sides by eg gives the voltage gain (?: 


Ba 


rp “b Rl 


If the load contains inductive or capacitive components as well as 
resistance, the above methods may be used by handling the quantities 


in complex notation, giving the following equations. 
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^z. = + JXl 


hZl _ h(Rl ■+■ jXij) 

Tp + Zi »p + 22x< + jXh 


The equivalent circuit of Fig. 6a is the “extant voltage generator” 
form since a constant signal voltage eg was assumed. It is sdmetii&es 
convenient to start with a “constant current generator” form as shown 
in Fig. 66. Since y. = g^Vp, where gm is the mutual (inductance of the 
tube, equation 4 can be written 


Also 


9mTp^g 

Tp + Rl 


( 8 ) 


ez 


—“ itpRjj — 


QmTp^gRL 


Tp + Rl 


(9) 


The loa d volta ge is therefore that which results from a current 
flowing through a resistor equal to and in parallel, and the gain is 


gm^pRh 
Tp 4" Rl 


( 10 ) 


Here again the negative sign indicates 180 degrees phase reversal. 

If Tp IS very high compared io Rl (as is usually true with tetrodes and 
pentodes), equation 10 reduces to the very simple and convenient form 


G = -^QmRL ^ ( 11 ) 

The constant-current generator type of equivalent circuit shown in 
Fig. 6b, which utilizes equations 10 and 11 for calculating voltage 
gain, is useful where the plate load consists of several components in 
parallel as is generally true in multistage amplifier circuits. 

The solution found through the use of equivalent circuits will be 
exact provided that the assumed values of p, and Vp remain con¬ 
stant over the entire operating range. For small signals this is very 
nearly true. 

The application of equivalent circuit formulas to amplifiers having 
a variety of couplings between stages requires a careful understanding 
of the nomenclature for the JoacLcircuit components^ The system and 
nomenclature to be followed is indicated in Fig. 7. The resultant 
impedance into which a given amplifier stage feeds will be considered 
as IZl when it is resistive and Zl when it is complex. The resistance 
load on the plate circuit ahead of the coupling condenser will be 
termed R„, 
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(c) (<i) 

Fig. 7. Letter symbols for various loads in equivalent circuits. 

Load Lines. The operation of a vacuum-tube amplifier may be 
determined graphically also. In this method a '4oad line^^ for a given 
load is drawn on the family of plate-voltage plate-current curves. 
These curves can be obtained from the tube manufacturer, or they 
may be determined by experiment in the laboratory. The load line is 
the locus of the is-Cj, points for any given value of load Rl and has 
a slope equal to — In a triode operated with a pure resistance 

load (Fig. 4), the load line is determined as follows (see Fig. 8): 

(a) Locate point A at the power supply voltage E^b and at % = 0. 

(b) Determine point B by taking Ebb/Rh- This is the current that 
would flow if there were no drop through the tube and the entire supply 
voltage appeared across the load resistor. 

(c) Connect points A and B with a straight line.* 

The quiescent point P is the intersection of the load line and the 
particular grid-bias curve being considered. Thus, in Fig. 8 with no 
signal applied and a grid bias of —4 volts, the plate current will be 
3.6 ma and the voltage 260. The total power drawn from the B+ 
supply will be 0.0036 X 400 = 1.44 watts, of which 0.0036 X 260 = 
0.94 watt will be dissipated by the plate of the tube and the remainder 
by the load resistance. 

* If point B falls off the curve sheet, assume some fractional part of Ehb atid di¬ 
vide by Rl* Then plot a point corresponding to the assumed value of voltage and 
the calculated current value. A line drawn through A and this point will be the 
linA. 
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Upon the application of signal to the grid, the instantaneous operate 
ing point will move along the load line in accordance with the in¬ 
stantaneous grid voltage. Assuming that the grid signal swings from 
the quiescent point of —4 volts to —2 volts and then to —6 volts, the 
maximum swing or peak-to-peak value is 4 volts. Vertical and hori¬ 
zontal projections from the intercepts of these grid voltages on the 
load line will show that, for this peak-to-peak swing on the grid, 
the plate voltage has changed from 210 to 305 volts and the plate 



Fig. 8. Determination of amplifier performance with the load line, 
current 4 has varied from 4.8 to 3.3 ma. This concept may be stated 


in equation form and applied where nothing higher than the second 

harmonic is present, as 

follows. 



Plate Voltage 

Plate Current 

Peak-to-peak value 

Eb max — Eb min 

/b max lb min 

Peak value 

Eb max ““ Eb min 

I b ranx Ib min 

2 

2 

Rms value 

Thus 

Eh max — Eb min „ 

Ib max ““ Ib min x 

2V2 ’ 

2 V 2 

Peak power = 

(-® b max ^b min) (-f b 

max min) 

1 

- (12) 


or 


max ^b min) (J b max Ib mia) 

Rms power -- 

8 

Rms power = = IpEp 

Eb max ~ Eb min 
Eg max Eg min 


(13) 


Gain •« O 


(14) 
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If distortion is not present the average plate current remains constant 
with and without signal. The total power drawn from the plate supply 
averaged over a complete cycle is a constant, and any a-c power which 
is delivered to the load must be subtracted from the steady-state plate 



Fig. 9. Graphical representation of the losses in a tube under operating con¬ 
ditions. 


dissipation. In other words, for class A operation, less power is wasted 
in heating the plate of the tube when a signal is applied to the grid: 
This statement can be demonstrated semigraphically, though not 
rigidly, by the six steps shown in Fig. 9. A tube having the plate 
characteristics and load line given in Fig. 9a is assumed to be operat¬ 
ing about point Q which is midway between the high h and low I 
swings of its grid potential (zero harmonic distortion). When oper- 
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ating in its quiescent state with zero signal applied to the grid, the 
plate and load (resistive) dissipation will be proportional to the re¬ 
spective areas shown on Fig. 96. These areas are proportional to watts 
since their sides are represented by voltage and current having a 
product of voltamperes or watts. Thus the plate dissipation is E^o X 
7f,o and the load dissipation is (Ebb — Ebo)7bo. With a sine-wave 
signal voltage applied to the grid the swing to point h on the load, as 
shown in Fig. 9c, will give an instantaneous plate dissipation repre¬ 
sented by the area A + 2B. 

Plate dissipation at h = A + 2B 

A corresponding swing of the grid potential to point I in Fig. 9d shows 
a plate dissipation equal to A + 2C. 

Plate dissipation at I — A + 2C 

The grid signal voltage must pass through the Q point on each swing 
and at this point (quiescent) the plate dissipation is represented in 
Fig. 9e by the sum of the areas of the rectangles. 

Plate dissipation at Q = A + B + C + D 

The average value of the plate dissipation when the grid signal is 
applied must lie somewhere between the values of the extremes and 
its value at the Q point. It can be shown that this average value is the 
average of the areas at the extremes and Q point. Since the signal 
swings through the Q point twice on each cycle, the 

Average value plate dissipation 

(A + 25) + (A + 2C) + 2(A + 5 + C + D) 
4 

= A + 5 + C + §5 

This average dissipation under operation is less than that for the 
quiescent or Q point by one-half the area of D.* 

A study of Fig. 9/ where the grid voltage swings from htol and back 
to I shows that the total area in the large dotted rectangle is equal to 
4D and corresponds to the numerator of equation 13. The cross- 
hatched area %D is of 4D and is the average fundamental plate 
power as developed in equation 13. Thus the plate dissipation is re¬ 
duced by the amount of the a-c power output. 

* A mathematical solution shows that the reduction in plate dissipation varies 
as the sine squared. The average of the sine squared is one-half. 
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If the spacing between grid-curve intersections (Fig. 8) is not uni¬ 
form, the output wave will not have the same shape as the input and 
amplitude or '^harmonic'' distortion will result. In the case of a typi¬ 
cal triode the change in U will be greater as 60 swings toward the posi¬ 
tive than for a corresponding negative change in for operation in 
the negative grid region. 



Fig. 10. Adjustments of the load line to secure best operating conditions. 


The factors affecting the choice of the load for a vacuum tube are: 

(а) The objective such as maximum gain, maximum voltage, maxi¬ 
mum current, maximum power, or minimum distortion. 

(б) Available power supply voltage. 

(c) Maximum permissible plate dissipation and cathode current. 
With these factors in mind, the best load line for any set of conditions 
may be found. For example, if maximum voltage gain is desired for 
the tube having the characteristics of Fig. 10 with a supply voltage of 
^ 61 , = 300, a load line through a and point 300 may be chosen. This 
load line represents a very high resistance load. For a grid voltage 
variation from X to 7 the voltage variation across the load resistance 
will be Xi7i with the corresponding plate current change of Aip. If a 
maximum current change is desired, a load line such as he representing 
a low load resistance and a supply voltage of = 225 may be 
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chosen. For the same grid voltage shift (X to F) this load line will 
produce a plate current change of X 2 F 2 and a voltage variation across 
the load of only As another example, if minimum distortion is 
desired, a load line such as de with a grid variation in the region of 
d to e will give the desired result. This follows because the spacing 
from d to Q and Q to e is equal. 

Static and D 3 rnamic Loads. In many cases the d-c and a-c resist¬ 
ances of the vacuum-tube load circuit are not equal. The d-c_rwist- 
ance is called the static load, and the a-c resistance is the dynamic load 
of the tube. Two load circuits are shown in Fig. 11 which have 



(«) (b) 

Fig. 11. Forms of plate-load circuits. 


different static and dynamic loads. Part o of Fig. 11 has a higher d-c 
than a-c resistance and part b has a lower d-c resistance. 

If in Fig. 11a the impedance of the B supply is negligible and the 
reactance of Co is small compared to Rg, the a-c resistance is 


Rp + Rt 

or simply the resistance of Rp in parallel with Rg. And 

f2<i-c “ Rp 


In Fig. llh 


R^-o — 


(15) 

(16) 
(17) 


where n is secondary to primary turns ratio of the transformer. The 
d-c resistance is merely the d-c resistance of the primary winding. 

A convenient method for handling graphical solutions is to begin 
by plotting the static load line as described in the preceding article. 
The slope of this line is — 1/J2d<. With the slope known a load line 
may be constructed at any convenient place on the characteristic 
curves. Then a parallel line may be drawn through the operating 
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point by the use of triangles. The dynamic load line has a slope of 
— 1/Ua-c, and the two load lines should intersect at a point correspond¬ 
ing to the average value of plate current and the value of grid bias 
selected (Fig. 12). As stated previously, if no distortion is present, 
the average value of plate current remains the same with and without 
signal. Hence, if distortion is negligible, the intersection of the static 
and the dynamic load lines coincides with the quiescent plate current 
which is defined by the intersection of the static load line and the grid- 



Plate volts 

Fia. 12. Application of the dynamic load line to amplifier problems. 

voltage curve corresponding to the grid bias used. Figure 12 illustrates 
the construction of the various load lines on the plate diagram of a 
vacuum tube. For this figure it is assumed that a plate supply of 500 
volts, a d-c load resistance of 2500 ohms, an a-c load resistance of 
1000 ohms for a given signal frequency, and a grid bias of —40 volt 
are to be used. The d-c load line will intercept the axis at 500 volts 
and 200 ma as shown by the dotted line. This load line crosses the 
—40-volt grid curve at point Q which gives the quiescent operating 
point. If a signal Cg is now impressed on the tube and the load re¬ 
sistance changes to 1000 ohms for a new a-c load line having a 
slope of — l/i2a-c becomes effective. This load line AC is constructed 
so that it passes through the operating point Q. Now the impressed 
grid signal will swing along the a-c load line and cause the plate cur¬ 
rent to vary as shown on the right. The magnitude of the varying 
component of the plate current can be measured by horizontal pro¬ 
jections to the Y axis. If amplitude distortion is not present, the posi- 
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tive and negative loops of the plate current wJUl be equal and the 
operating point will remain at Q. In Fig. 12, the plate characteristic 
curves are so spaced that amplitude distortion does occur and the 
average value of the plate current is greater than the quiescent value. 
Accordingly, the actual operating point has moved up to point X on 
the Eco = —40 curve. For this situation, if greater accuracy is de¬ 
sired, a new a-c load line should be constructed through point X 
parallel to the first line. Then the construction of grid signal and 
plate current curves should be repeated and a cut-and-try process 
is involved. 


The a-c load resistance and the operating point should be chosen 
to represent the best compromise between the factors mentioned in 
the preceding article. 

If the a-c load has a reactive component instead of a pure resistance, 
the dynamic load line will be an ellipse and as such it is not very 
useful. If the load is only slightly reactive, one may obtain satisfac¬ 
tory results using a straight line construction and assuming a resist¬ 
ance load equal to the impedance. 

Effect of Interelectrode Capacitances. The interelectrode capaci¬ 
tances of a triode vacuum tube are indicated in Fig. 13. These capaci¬ 
tances are in a position to affect 
the input and output impedances 
of the circuits in which the tube 
is employed. The cathode-to- 
plate capacitance Cpjc is in paral¬ 
lel with the load impedance, and 
the cathode-to-grid capacitance 
Cffjc is in parallel with the input 
signal. The grid-to-plate ca¬ 
pacitance Cnp may act to feed 
Wk ener^ the outpurio^ 
the input and also may become 

very important as a factor in input impedance, as will be explained in 
the next paragraph. The magnitude of the interelectrode capacitances 



is of the order of a few micromicrofarads; hence their impedance is so 
large at low and medium frequencies that their presen ce can be neg¬ 
lected. At the higher audio frequencies and up they should be taken 
into account. 


In multistage amplifiers operating at high frequencies, interelectrode 


capacitances become important as a part of output or load impedances 


and input impedances. The total capacitance load on the stage be- 
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tween two amplifier tubes using triodes is indicated in Fig. 14. In 
calculating these capacitances a phenomenon known as the Miller 
effect must be taken into account. Under suitable conditions the 
input capacitance to a tube is much greater when a load exists on 
the plate circuit than when it is on open circuit. This phenomenon 
can be visualized from Fig. 13 and the right section of Fig. 14. Thus, 
if a varying voltage e, is impressed across the grid to cathode of the 
tube, the amplifying action will produce in the plate circuit a voltage 
of gain (G) times e,. If the plate load is resistive, the resultant volt¬ 
age across the grid to plate is (e, -f Ge^) = (1 -f 0 )6^. The current 
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Pia. 14. Equivalent circuit illustrating the various capacitances in a two-stage 

amplifier. 

which flows from grid to plate under this applied voltage is the same 
as would flow through a capacitance of magnitude (1 + 0 )Cffp with an 
applied voltage of Thus the effective value of the grid-plate inter¬ 
electrode capacitance e^p is greatly magnified by the Miller effect. The 
magnitude of the Miller effect is changed when the plate load is re¬ 
active and a phase angle with a resistive component is introduced. 
However, in most amplifier circuits the plate load arising from ItC 
coupling or from a tuned tank circuit will be resistive so that the re¬ 
lationship derived above holds.* 

The total capacitance units of Fig. 14 may be separated into (1) 
the output capacitance of the first tube, and (2) the input capacitance 
of the second tube. The output capacitance of the first tube is 

Oq — Cffpj, -}- -|- C7« (IS) 

where C, represents the stray capacity of the wiring from the tube to 
the coupling between the tubes. The magnitude of c^pj will be in¬ 
fluenced in a very small measure by the Miller effect but this change 
may be neglected because calculations are based on plate voltage rather 

♦For mdte^^etails concerning the Miller effect, see Chapter VII, Radiotron 
DeHgnet^s Handbook, 3rd ed.. The Wireless Press, Sydney, Australia. 
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than grid voltage. In a similar manner, the input capacitance to the 
second tube for a resistive load will be 


C'i = <^0k2 + (1 + G2)Cgp^ (19) 

and the combined capacitance load C/ for the entire amplifier stage will 
be the sum of equations 18 and 19. 

Gt ~ ^gpi 4“ (^pki 4” Gs 4" Cpjfcj 4” (1 4“ G2)Cgp^ (20) 

With screen-grid tubes and pentodes the grid-plate capacitance Cgp is 
very small and may be neglected at audio frequencies and low radio 
frequencies. With these tubes the input capacitance reduces to the 
Cgk plus the grid-screen capacity. 

Problems 

1. A power amplifier requires 5 watts of driving power to produce an out¬ 
put power of 60 watts. What is the power gain in decibels? 

2. The power input to an amplifier is 2.5 microwatts and the output is 5 
milliwatts. What is the loss or gain in db? 

3. An amplifier has equal input and output resistances. If a 2-volt signal 
at the input produces a 37-volt signal at the output, what is the gain of the 
amplifier in db? 

4. If the output resistance of the amplifier in Problem 3 is 600 ohms, express 
the wwer output level in vu (volume units). 

A certain circuit contains a first amplifier with a gain of 12 db, a filter 
with a loss of 3 db, and a second amplifier with a gain of 6 db. What is the net 
gain or loss in the circuit? (15 -4 • 

6. The average power output of a certain crystal microphone is —48 db 
(reference level = 6 mw). This microphone is connected to an amplifier with 
a power gain of 80 db. What is the average power output of the amplifier? 

. / 7. A single-stage amplifier has a load resistance of 0.1 megohm. The vacuum 
tube has a plate resistance of 7700 ohms and an amplification factor of 20. 
What a-c plate current will flow under an a-c signal of 5 volts? What is the 
a-c voltage across the load resistance? What is the amplifier gain for this stage? 

8. If the plate load for the amplifier circuit of Problem 7 is changed to an 
impedance having a resistance of 2000 ohms and an inductance L of 10 milli¬ 
henries, what will be the gain at a frequency of 100,000 cycles? 

9. In the amplifier shown in Fig. 15 E^b = 250 volts; Eec =* —3 volts; Vp «= 
25,000 ohms;/z « 17.5; Rl = 150,000 ohms; h — 1.2 ma; Eg =* 2.0 volts (rms). 
(a) Calculate Ip. (b) Calculate Ep. (c) What is the voltage gain of the am¬ 
plifier? 

10. The amplifier in Problem 9 is reconnect^ as shown in Fig. 16. The 
voltage drop across Rk provides bias for the tube, (a) Calculate the proper 
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value for Rh, (b) What would be a suitable value for Ck if the lowest frequency 
to be amplified is 75 cps? Note: Ck is usually designed to have a reactance 
in ohms equal to 0.1 the resistance of Rky also in ohms, at the lowest frequency 
to be amplified. 




11. Drjiw the equivalent circuit of the amplifier shown in Fig. 17. Ehb = 
250 volts; Fee = —3 volts; = 17; Eg = 2 volts; h = 0.8 ma; = 40,000; 
Rp = 250,000 ohms; Rg = 500,000 ohms; Ce = 0.005 juf- (a) Calculate Eq 
when the frequency is 40 cps. (b) Calculate Eq when the frequency is 5000 cps. 



12. A 6J5 tube is connected as shown in Fig. 17. Rp = 150,000 ohms; Rg = 
300,000; Eg = 2.12 volts; A'w, = 300 volts; Ecc = —3 volts, (a) Use the plate 
family of characteristics (page 63) and draw the static load line. What is the 
value of /fto? What power must be dissipated by the plate of the tube? (b) 
Assume that Cc is large enough to be neglected and determine the dynamic 
load fine. Calculate Eq and the voltage gain, (c) If cathode bias were used 
instead of fixed bias, what value should the cathode bias resistor have? 

13. The amplifier in Fig. 18 uses a 6L6 (page 87) connected as a triode. 
Ebb — 275 volts; Ecc = —22.5 volts; Eg = 15.9 volts; resistance of loud¬ 
speaker voice coil = 8 ohms; primary to secondary turns ratio = 25 to 1; d-c 
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resistance at primary = 375 ohms, (a) Draw the static load line. Find Iho 
and the plate dissipation, (b) Draw the dynamic load line. Calculate Ip and 
Ep. (c) What is the power output of the amplifier? (d) What is the value of 
Eh max? Why is Eh max greater than Ehh^ 



14. In the amplifier shown in Fig. 19, ^ = 18; rp = 30,000 ohms; ffi, = 220,000 
ohms; Ca = 12.3 /i/xf; Cgp — 3.4 /xjuf; Cgk = 3.4 jujuf; Cph = 3.6 What is 
the input capacitance of the amplifier? 



15. A single-stage amplifier uses a tube having a transconductance of 2600 
micromhos and a plate resistance of 8000 ohms. If the plate load consists of 
a 5000-ohm and a 3000-ohm resistor in parallel, what is the gain of the amplifier 
circuit? If an a-c signal of 8 volts is applied to the input, what plate current 
will flow? What will be the a-c voltage across the load resistors? 

16. A certain pentode has a transconductance of 2000 micromhos and a 
plate resistance of 800,000 ohms. What will be the gain of a single-stage am¬ 
plifier using this tube with a load resistance of 20,000 ohms? 
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► 17 ! Miller bridge for determining m of a triode. 
Ri and R 2 are adjusted until zero current flows in 
the headphones. Draw the equivalent circuit and 
show that 




18. Draw equivalent circuit. 


19. Draw equivalent circuit. 
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21. Draw equivalent circuit. Find I 



22 Draw vector diagram. Find /p, F/, and volt¬ 
age gain. How much does output voltage lag in¬ 
put voltage? 



Tp =10,000 


23. Draw equivalent circuit. 



24. Draw equivalent circuit, 
and voltage gain. 




142 


VACUUM-TUBE AMPLIFIERS 


25. Draw equivalent circuit and find voltage 
gain. 



Ebb 

M»15 

rp-l0,000 



Chapter YII 

MULTISTAGE VOLTAGE AMPLIFIERS 


Multistage Amplifiers. The one-tube, single-stage amplifier dis¬ 
cussed in the preceding chapter frequently fails to produce as much 
gain as is desired. Additional gain may be secured by coupling two 
or more amplifier stages in cascade wherein the output voltage of one 
stage is fed into the grid input of the succeeding stage. In such multi¬ 
stage operation the over-all voltage gain will be the product of the 
voltage gains of the individual stages. The over-all gain may be car¬ 
ried to a magnitude where instability of operation will result, or where 
the circuit noise and microphonics introduced will become objection¬ 
able. Hence care must be exercised in the design of cascade amplifying 
units. The type of coupling that is chosen for the connection between 
the individual stages is important and depends upon a number of fac¬ 
tors, the chief of which is the nature of the signal frequency being 
amplified. Multistage or cascade amplifiers may be classified as 
follows: 

(a) , D ifrcl-con ffje/i nmplifif’rs —primarily those which operate at 0 to 15,000 

cycles per second. 

(b) rAudio amplifiers —covering 20 to 15,000 cycles per second. 

(c) Video amplifiers—covering 20 to 5,000,000 (or higher) cycles per second 
with uniform phase delay and frequency response. 

id) Radio-frequency amplifiers —operating in the region above the audible 
range and ordinarily capable of passing only a relatively narrow band of 
frequencies. 

Direct-Coupled Amplifiers. For applications such as electrocardiog¬ 
raphy, the study of nerve currents, and the use of an oscilloscope to 
show transient responses relative to a steady component, it is neces¬ 
sary to use a circuit that will amplify d-c voltages as well as a-c volt¬ 
ages. Circuits for these applications are often called direct-current 
(d-c) amplifiers. A circuit for a direct-coupled or d-c amplifier is 
shown in Fig. 1. Two practical limitations prevent the use of this 
circuit except where absolutely necessary. These limitations are: (1) 
Each stage of the amplifier must be provided with a separate source 
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of power supply (battery or power pack), and (2) the magnitude of 
the ‘‘drift^' in the operating point of the final stage due to changes in 
the voltages or circuit constants of the preceding stages. Even a ve ry 
minute change in the plate potential of the first stage, when amplifi ed 
by the follo wing stages, may be sufficient to shift the final grid f ar 
beyond its ^perating range. This becomes so serious in a high-gai n 
amplifi^* t hat more than two stages are seldom used without special 
precautions such as supply voltage regulation, balanced circuits, or 
degenerative feedback. 



Fig. 1. Direct coupling of amplifier stages. 


At low and medium frequencies the gain per stage may be calcu¬ 
lated directly from equations 6 or 10 of Chapter VI. At high fre¬ 
quencies where the reactance of the shunting capacities becomes ap¬ 
preciable, the information given by equations 18, 19, and 20 of the 
preceding chapter should be considered. 

Audio Amplifiers. Resistance-Capacity Coupling. The difficulties 
of the direct-coupled circuit are overcome by using a coupling con¬ 
denser Co between the amplifier stages as shown in Fig. 2. This 
coupling* condenser Cc prevents the d-c plate-supply voltage of tube 1 
from affecting the grid of tube 2, but permits the alternating com¬ 
ponent of voltage drop across i?p to be applied to Rg and the cathode- 
grid input of tube 2. It will be noted that the output voltage of tube 1 
across Rp {Cz) is applied across Co and Rg in series, acting as a po¬ 
tential divider. H ence the a-c input to the grid of tube 2 is that pa rt 
of the a-c component ^across the^id-leak resistor Rg . The resistance 
of Rg is large, up to about 1 megohm, while the reactance of Co will 
vary with the signal frequency. Thus the lowest frequency that can 
be amplified is a function of Rg and the reactance of the coupling con¬ 
denser Xo. Since Xo = l/27rfCo = oo at / = 0, the amplifier will not 
amplify direct current. The bias on grid 2 is determined by the battery 
Eoi, and is not upset by slow ^‘drifts” in the plate voltage of the pre- 
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ceding tube so that common power supplies can be used. This type 
of coupling is commonly designated as an RC coupling. 

The operation of the RC coupling circuit can be analyzed con¬ 
veniently by applying the equivalent circuit theory to three ranges^of 



Fig. 2 . Resistance-capacity coupling of amplifier stages. 


frequency—^middle, low, and high. Either the constant-voltage or the 
constant-current equivalent circuit may be used, though the latter 
serves better for the parallel type of load which exists in multistage 
amplifiers. An approximate equivalent plate load circuit for a middle 





Fig. 3 


frequency range is shown in Fig. 3. The reactance of Co is negligible 
and has been omitted. To simplify the gain equations for purposes 
of comparison, the following new symbols will be adopted. 


Let 

and 


Rs ~ and Rp in parallel = 
Rl = Rp, and 72^2 in parallel = 


VpRp 


Tp -j- Rp 
TpRpRg2 


TpRp + rp/2^2 4" RpRg2 


( 1 ) 

(2) 
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Then, since all resistors are in parallel, eg 2 is the same as the drop across 
Rp, and the gain from equation 11, Chapter VI, is 


^middle frequencies QmRL 




Qrn^p^jJ^g2 


TpRp ” 1 “ '^pRg2 “ 1 " RpR'g2 


( 3 ) 

( 4 ) 




For the low-frequency range (Fig. 4) the coupling capacitor Cc lowers 
the amplified gain across Rp in the voltage divider ratio Rg 2 /{Rg 2 j^c)- 
The gain across Rp is 

_ 1is{Rg2 - 3^c) 


Hence t.ie gain across Rg 2 is the product of the voltage divider ratio and 
the ga^r. 


G\, 


QmRsRg2 


low frequencies 


Rs + Rg2 ~ jXc 


( 5 ) 


G 


QmRsRg2 

V{Rs + Rg2)^ + 


(G) 


The approximate equivalent load circuit for the high-frequency range 
is shown in Fig. 5. Here the reactance of the coupling condenser Cc is 
negligible but the shunt capacitance Ct which is the equivalent sum of 
the tube interelectrode capacitances and the wiring becomes effective. 
The total plate load is that of Rl and the reactance of Ct in parallel, 
and the gain is 


^high 


frequencies 


^rnRhi, 

Rl — jXc, 


( 7 ) 


QmRhXct 

VRt? + 


(8) 
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The formula for C^as developed iu the preceding chapter (equa¬ 
tion 20). 

Ct = Cgpi + Cpki + + Cgk2 + (1 + Cr2)<^gp2 

The last term of this eolation is important in high-/* triode amplifiers 
as shown by th6 fonowiug essrmple. A typical high-/* triode has rp « 
66,000, fj. * 100, Cgp = 2.4, Cgk = 4, and Cpk = 3.6 • If a value of 15 

fjLjji is allowed for C«/ then the, sum of the first three terms of the above 
equation is 15 + 3.6 + ^ = 22.6 mmI* Assuming a gain of 0.6m, the 
last term will be (1 + 60)2.4 = 146.4 mmI* Th® total Ct will be 22.6 
+ 146.4 =» 167 M^f, which at 15,000 cycles has a reactance of 63,600 
ohms. 



Fig. 5 


The Cgp of any tube containing a screen grid is negligible, being for a 
typical pentode only 0.0^ M^f* This causes the last term of the equa¬ 
tion to be negligible and the resulting Ce to be small. For this reason 
screen-grid tubes are preferable in high-gain voltage amplifiers whenever 
constant gain at the higher frequencies is desired. 

A comparison of the gain at low or high to the middle frequency range 
can be made by calculating the ratio of the respective gains from the 

JisRg2 _ 

Rs + iig2 j^c Rs "h Rg2 ~~ j^c 
-^gmRL RsRg2 

Rs + Rg 2 


preceding equations. 


Gain - 


low 

middle 


G 


^ jRs + Rg2 
Rs + Rg2 — j^c 

low 1 


1 - 


jXc 


Rs + Rg2 


middle 


V 


;• 2 


1 


A'r 


(Rs + R,2r 


( 9 ) 
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Thus the amount that the gain falls off at low frequencies is deter¬ 
mined by the ratio of the reactance Xe of the coupling capacitor to the 
sum of resistance of the grid resistor Rg in series with Rs (Rl and fp in 
parallel). A convenient reference point for a comparison exists where 
« f2s -f Rg 2 . Here the low-frequency gain is 70.7 per cent of the 
middle frequency gain. This is the “half-power” point, or, expressed 
in decibels, the frequency at which the amplifier is “down 3 db.” Since 
the designer has more interest in gain with respect to frequency than 
in the impedance ratio, the frequency /o for the half-power point should 
be calculated. 


1 

2»/oCc ” 
/o = 


Rs + Rg 2 
1 


2irCc{Rs + -R*) 


( 10 ) 


The comparative gain at low frequencies in terms of a ratio to /o has 
been plotted in Fig. 6 and may be used conveniently in solving problems. 
The ratio of the gain at high frequencies to middle frequencies is 

gmRhXct 

^ high - + X,? - .v., 

middle VRif+X^ 



Thus the amount that the gain falls off at high frequencies is deter¬ 
mined by the ratio of the total shunt resistance Rj, to the shunt capaci¬ 
tive reactance Xof Again, a convenient reference point exists where 
Ri = Xcf, which gives a 70.7 per cent gain and half-power point. The 
frequency fo' at which this occurs makes a good reference value. The 
gains for high frequencies in terms of a ratio to /o' are plotted in Fig. 6 
for use in solving problems. 

The effect upon the amplifier gain of varying the magnitude of 
coupling capacitor Ce is illustrated in Fig. 7. A corresponding effect 
upon gain at high frequencies arising from a variation of the shunt 
capacitance C, or C* is shown in Fig. 8. 

The preceding equations for gain at low and high frequencies reveal 
two kinds of distortion different from the harmonic or amplitude type. 
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-Low frequencies- 


Intermediate^ 
' frequencies ** 


-High frequencies- 



1000 
Frequency 

Pia. 7. Effect of magnitude of capacitance coupling on frequency response of 

amplifiers. 
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These are frequency distortion wherein gain varies with frequency, 
and phase distortion wherein 6^,2 does not remain at an angle of —180 
degrees with respect to Cgi. 



Fia. 8. Effect of magnitude of shunt capacitance On magnitude of frequency 

response. 


Audio Amplifiers. 

to use inductances 


Impedance Coupling. It is sometimes desirable 
instead of employing resistors for coupling ele¬ 
ments. A single inductance may be 
used to replace either the grid or 
the plate resistor, or both resistors 
may be replaced as in Fig. 9. The 
advantage of using inductance in 
the plate circuit is that the d-c volt¬ 
age drop will be negligible because 
of the comparatively low d-c re¬ 
sistance of the winding. This low 
voltage drop permits the operating 
point to be at almost full sup¬ 
ply potential with a corresponding 
increase in maximum plate swing (Epm). Such a saving in effective 
supply voltage is particularly desirable in battery-operated portable 



Fia. 9. 


Inductance coupling of am¬ 
plifier stages. 
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m 


equipment, although the advantage is canceled somewhat by the 
weight and bulk of the coupling inductances. 

Inductances are often useful in the grid circuit of power tubes hav¬ 
ing characteristics that demand a low resistance path from grid to 
cathode. However, for most applications impedance coupling offers 
no advantages over transformer coupling and is usually more ex¬ 
pensive. 



Fig. 10. Low-frequency response of an inductance-coupled amplifier. 


Whenever the effective resistance of the coils is negligible compared 
to their reactance and the impedance of the coupling condenser C. is 
low, gain can be stated simply as 


G 


'p + jXt 


( 12 ) 


where is the reactance of L, and in parallel (Fig. 9). Since 
Xi, = 2ir/L, gain will increase with frequency until a maximum of /» is 
reached. 

In practice, core and copper losses and saturation of the core at low 
frequencies reduce the effective impedance of the coils. However, at 
the low frequency where X. = Xl, series resonance occurs and the 
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gain may actually exceed ft. For these reasons equation 12 must be 
used with care and a more nearly exact expression applied if the prob¬ 
lem demands. A typical gain-frequency curve for an impedance- 
coupled amplifier is given in Fig. 10. 

Audio Amplifiers. Transformer Coupling. The grid and plate coils 
of an amplifier may be placed on the same core to form a transformer 
as shown in Fig. 11. This eliminates the necessity for a coupling con¬ 
denser and permits an increase in voltage gain through the use of a 
greater number of turns on the grid winding than on the plate. For an 

ideal transformer having zero losses 
and no leakage the relationship be¬ 
tween primary and secondary is 



?1 

E 2 


h N2 




^. (^lY. 

Z 2 \N2/ 


(13) 


(14) 


Fio. 11. Impedance and transformer 
couplings for amplifiers. 


where 1 denotes the primary, 2 the 
secondary, N the number of turns, 
and n the ratio of transformation. 


Zi is the impedance looking into the primary with a load Z 2 connected 
across the secondary. 

For the ideal case gain can be easily found if it is realized that the 
plate load is simply an impedance X^i (the reactance of the trans¬ 
former primary) and that the voltage at grid 2 is n times the voltage 
at plate 1. 

e_ (15, 


0 - 


rp + JXli 


•v/Ta 
V Tp 




- n 


(16) 


The eignal voltage c ,2 niay be either positive or negative with respect 
to e,i, depending on the manner in which the secondary is connected 
relative to the primary. This feature is advantageous where it is 
necessary to reverse the phase of a signal without adding another 
amplifier stage. 

The practical transformer is subject to all the difficulties encoimtered 
with coupling impedances plus several more of its own as follows: 

(a) Core loss due to hysteresis and eddy currents. 
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(b) Core saturation at low frequencies (aggravated by the d-c or 
steady component of plate current). 

(c) Copper loss due to the effective resistance of the windings. 

(d) Leakage reactances caused by failure of the flux produced by 
one winding to link all the turns of both windings. 

(c) Distributed capacities between turns and between windings. 

(/) Hum pick-up from stray magnetic fields. 

In designing a transformer to have minimum core loss careful con¬ 
sideration must be given to the iron used in the core. Eddy currents 
are reduced by the use of thin lam¬ 
inations. In practice these run from f-1( r 

0.015 inch for the ordinary class of 2 S 

transformers to as thin as 0.001 inch ^ o S 

where extremely high frequencies are • Ji 

encountered. In order to obtain -S- 

maximum impedance in the primary 

winding, the core should be tightly » ^ * - . J lo 

stacked and should be of sufficient ^2. Circuit for elimination of 

direct current in a transformer- 
cross section so the iron always op- , , 

. , , ., , ... ‘ *. coupled amplifier, 

erates below the knee of its magneti¬ 
zation curve. If the circuit is such that there is a d-c component of 
current in one winding, the point of operation will be pushed upward on 
the curve and the flux due to the a-c component may be distorted if it 
swings across the knee of the curve. This effect is apparent especially 
at low frequencies and gives ripe to a large third harmonic of the funda¬ 
mental frequency. The best way to prevent this saturation is to elimi¬ 
nate d-c currents from the windings. This may be done by using a re¬ 
sistance or an impedance coil between and the plate of the tube 
(Fig. 12). The transformer primary is then connected to the tube 
through a coupling condenser. Another method is to introduce an air 
gap in the magnetic circuit of the transformer. This reduces the flux 
density in the iron and lowers the primary inductance. However, the 
incremental 'primary inductance (the inductance to varying currents) 
will increase with the length of the air gap to a maximum before drop¬ 
ping off.* 

Copper loss can be minimized by using a wire of large cross section, 
few turns, and a short mean length per turn, but this practice is incon¬ 
sistent with high inductance and large turns ratio. Also, at high fre¬ 
quencies the effective resistance of large wire increases due to the skm 


* Principles of Radio Engineering, Glasgow, McGraw-Hill, 1^, pp. 65-87. 
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effect. If the windings are made with alternate layers of primary and 
secondary, flux leakage will be low. However, this practice may cause 
the interwinding capacitance to become excessive. Few turns and a 
grounded shield between primary and secondary will provide the small¬ 
est capacitance coupling. 

If the transformer is to be used in a low-level circuit, special atten¬ 
tion must be given the problem of hum pick-up. Stray magnetic fields 



transformer 

Ri ■ Primary effective resistance C12* Primary-secondary capacity 

LI « Primary leakage reactance Rz - Secondary effective resistance 

C1B Primary distributed capacity Lz - Secondary leakage reactance 

Re ■ Resistor representing core loss Cz = Secondary distributed capacity 

Incremental magnetizing 
inductance of primary 

Fig. 13. Complete equivalent circuit of a transformer. 

from the power supply components or from nearby power circuits may 
induce currents in the transformer many times that of the desired 
signal. In the better grade of transformers two sets of windings are 
placed on the core in such a manner that the hum voltages induced in 
one are exactly canceled by those induced in the other. Some benefit 
can also be obtained by enclosing the core and coil assembly in a 
thick iron shield having tightly fitted joints. 

The complete equivalent circuit of a practical transformer is some¬ 
what involved but the input impedance, voltage ratio, and phase shift 
may be calculated from the circuit theory given in some textbooks on 
a-c machinery. A complete equivalent circuit is given in Fig. 13. If 
some of the terms in the complete circuit which normally are not very 
important, are omitted and others combined, a fairly simple circuit 
(Fig. 14) may be evolved which can be used for most applications. 
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This circuit, in turn, may be resolved into simple equivalent circuits 
for calculating gain at the middle, low, and high frequencies, as illus¬ 
trated in Fig. 15. At the middle frequencies where the reactances of 



relative to primary. 

Fiq- 14. Simplified equivalent circuit of a transformer and tube; secondary terms 

refer to primary. 

Lm and Ceq are high compared to r/, gain is ±fAn. At low frequen¬ 
cies gain is reduced by the reactance of Lm, and at high frequencies 
by the capacity Ceq. The solution of the equations given in Fig. 15 
will give both gain and phase shift. 



(a) Middle frequencies ( 6 ) Low frequencies (c) High frequencies 

Fig. 15. Simplified equivalent circuits for transformer-coupled amplifiers. 


The peak near the high end of the response curve, Fig. 16, is caused 
by the series resonance of the equivalent leakage reactance Leq and 
the equivalent shunt capacity Ceq. Since Ceq contains a term 
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[{n± l)/n]Ci 2 , there will be two values of capacity, depending on 
whether the secondary is connected "capacity aiding” or "capacity 
bucking.” The height of the peak depends on the effective Q of the 
circuit and may be lowered by increasing the resistance of the second¬ 
ary winding or by using a load resistor across the secondary. 

The plate resistance of tube 1 and the input capacity of tube 2 are 
important factors in the gain equations. Hence it is necessary for the 
transformer to be designed specifically for the tubes with which it is 
to be used. Tubes containing screen grids, because of their high plate 
resistance, show wide variations in gain with frequency when they are 



transformer coupled and are therefore used only when the transformer 
irioaded, as in a power output stage. 

Video Amplifiers. The term video frequency comes from the tele¬ 
vision art and is applied to those frequencies which go to make up a 
television picture. These frequencies extend from the low audio 
through the supersonic and radio range to 5 megacycles or higher. A 
video amplifier is one that will pass this range of frequencies with sub¬ 
stantially constant amplitude and with uniform time delay. The 
phase relationship of the various component frequencies in a tele¬ 
vision picture is extremely important, and usually more attention is 
devoted to obtaining linear phase shift than to securing uniform ampli¬ 
tude response or freedom from harmonic distortion. The importance 
of phase shift is illustrated in Fig. 17 where an approximate square 
wave has been created by superimposing a third harmonic of suitable 
amplitude on a fundamental. A more nearly square wave form would 
be produced by the addition of the fifth harmonic. The effect on the 
wave form of a phase angle shift of the third harmonic is illustrated 
by the resultant wave at the right of Fig. 17. Television signals are 
frequently of the square-wave type. 

The major differences betv:eer a video amplifier and an audio ampli¬ 
fier are in the high-frequency region. The response of a resistance- 
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coupled amplifier drops at high frequencies because of the shunting 
capacity of the tube and circuit elements. Also the grid-plate capacity 
is extremely important as shown by equation 20, Chapter VI. In order 
to keep this capacitance at the minimum, pentode tubes are almost 
always used for video amplifiers. The effect of the various shunting 
capacities is reduced by a plate load of relatively low resistance. This 
results in low gain per stage and has led to the development of pen¬ 
tode tubes having extremely high mutual conductance such as the 
6AC7, 6AG7, and others. 



Fig. 17. Effect of a small phase shift of a harmonic on the wave form of a 

square type of wave. 

Further improvement of the high-frequency response is provided by 
small inductance coils connected in combination with the plate-load 
resistance. The simplest of these circuits is the “shunt-peaked^' com¬ 
bination of Fig. 18a, where an inductance is placed in series with the 
plate-load resistance. The grid resistance R„ is made high (consult 
tube manual), and the coupling condenser Cc has a low reactance at 
the lowest frequency to be passed. Ct represents the total shunting 
capacity which is the sum of the output capacity of tube 1, the input 
capacity of tube 2, and the stray wiring capacities in the circuit. For 
a satisfactory compromise between uniform gain and constant phase 
shift, the load resistance Rp should be equal to the reactance of Ct si 
fhe highest frequency (/o) that is to be passed. The reactance of the 
peaking coil Li is equal to half the reactance of Ct at /o. Since Rp is 
very low compared to Rg and the internal plate resistance of tube 1, 
stage gain can be easily found by multiplying the mutual conductance 
Gm by Rp, 

In the shunt-peaked circuit, it was necessary to add the output 
capacitance of stage 1 and the input capacitance of stage 2 when 
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Ct =Co+C| 

*“4ir/o 47r/’„ 

G=-gmRp 



C.*2Co 

C(=Co+Cj 

Rp^l.SXct at /q 

Lr=H£L 



(cO 2 -Section constant-iC 
Fig. 18 


m =0.6 
Cq^O.SCi 
Cl = 0.533 C, 


12p=2Xc. at/o 
ii=^=0.3L2 


C( ^ 2Co or 2Ci 
Rp—2Xci at /q 


i?i by experiment 
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calculating the load resistance. A more desirable arrangement is the 
'^series-peaked” circuit wherein a coil Li is placed between plate and 
grid (Fig. 186). Here the plate and grid capacities are separated by 
the inductance, and the circuit assumes the characteristics of a ir 
coupling network. The load resistance in this case is %, the react¬ 
ance of the total shunting capacity, and provides 50 per cent more 
gain than the shunt-peaked circuit. However, for proper operation 
of this circuit Ci must equal twice the capacity of Cq. This is approxi¬ 
mately true with the usual pentodes but may be made exactly true 
in all circuits by the addition of a small trimmer condenser. The 



Fig. 19. Circuit for low-frequency compensation. 


coupling condenser Co will usually have several micromicrofarads of 
capacity to ground and may be placed on whichever side of Li gives 
the better balance. 

The other circuits of Fig. 18 permit the use of even greater values 
for Rp up to the maximum Rp = 2Xci. These circuits are based upon 
Af-derived and constant-iiL filter networks, and hence have a sharp 
cutoff characteristic. They are somewhat more difficult to adjust than 
the series or shunt circuits and are likely to produce unwanted tran¬ 
sients in the cutoff region.* 

At low frequencies the reactance of the coupling condenser Co be¬ 
comes appreciable, and, at the point where this reactance is equal to 
the grid resistance Rg, gain will be approximately 70 per cent of its 
mid-frequency value and there will be a 45-degree phase shift. A 
condeiiser-resistor combination in series with the plate load, as in Fig. 
19, can be made to compensate for the effect of Co- Ra should be at 
least ten times the reactance of C^ at the lowest frequency. Com¬ 
pensation results because the signal voltage drop across capacitor Cd 
varies with frequency directly as it does across Co- Hence at low 

* "Video Output Systems,” Foster and Rankin, RCA Review, April 1941. 
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frequencies the plate voltage of tube 1 rises to offset the loss in signal 
voltage across the capacitor Co¬ 
ll grid bias is obtained from the drop across a cathode resistance, 
the cathode by-pass condenser should have negligible reactance at low 
frequencies. When the reduction in amplifier gain can be tolerated, 
it is often advisable to omit entirely the cathode condenser in the 
interest of uniform response. Some high-frequency compensation may 
be obtained through the use of a very small by-pass condenser whose 
reactance is effective only at the high frequencies. 

Cathode Followers. A cath¬ 
ode follower is an amplifier cir¬ 
cuit in which the load resistance 
is placed in the cathode circuit 
instead of the plate circuit. The 
name cathode follower suggests 
that the output signal follows the 
input signal closely in magni¬ 
tude, phase, and frequency. A 
typical circuit for a triode is 
shown in Fig. 20. The input 
signal Bg is applied across the 
grid and the lower side of the cathode load resistor while the load 
output voltage appears across the terminals of Ru. Circuit opera¬ 
tion may be analyzed by either the constant voltage or constant- 
current form of equivalent circuit. Under the former 

^8 ^ 



Fia. 20. Cathode-follower circuit. 


G 




ek 


ea + Cfc 

Hence, from equations 5 and 6, Chapter VI, 
flBgRk 


ek = 


Rk + Tp 


^k 


nCgRk 

Rk + ^p 


Cg + 


fiCgRk 


G = 


Rk + Tp 

nRk tiRk 


-Rfc + rp -f- ^jlRjc (1 + n)Rk + Tp 


(17) 



CATHODE FOLLOWERS 
Also, from equations 8, 9, and 10, Chapter VI, 


lAl 


. Qnfigl'p 
rp + Rk 

where JJ* is the load resistor. 


— ipRk — 


Omfig^js^k 
Tp Rk 



Ck "4“ 


Qmfig^p^k 


Tp + Rk 


(Jm^g^p^k 

rp + Rk 


+ 


(? = 


OmRk 


-h OmRk + 1 

rp 


Rk 

If Vp Rkf then — >0, and 


Qm^k 
QrnRk H" 1 


1 

1 

9mR>k 


(18) 


(19) 


It is obvious from either equation 17 or 18 that, for constant jx and 
Qm, the gain will increase with Rjc to the maximum value, one. 

While the cathode follower has a gain of less than one, it possesses 
the following important advantages: (1) It may be used to couple a 
high-impedance source to a low-impedance circuit without distortion, 
(2) it provides an output circuit with one side at ground potential, 
and (3) the output voltage is in phase with the input signal. The 
reason for these advantages lies in a low input admittance and a 
simple grounded output circuit. These are illustrated in Fig. 21 
which shows that the shunt impedances across the input consist (part 
h) of the grid-to-plate interelectrode capacitance Cgp and a fraction 
(less than one) of the grid-to-cathode capacitance Cgk. Here it should 
be noted that the former capacitance has a factor of unity instead of 
the (1 4- G) value in the conventional amplifier circuit, and the latter 
capacitance is also less than in the conventional circuit. Thus the 
input admittance is capacitive but very low in magnitude even for 
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(a) (c) Equivalent output circuit 

Fig. 21. Equivalent circuits for cathode followers. 


high frequencies. The output impedance in Fig. 21c consists of 
and a fraction of the plate resistance Vp in parallel with the interelec¬ 
trode capacitances Cgic and Cp^. This equivalent circuit may be ex¬ 
pressed in terms of admittance as 

Fq = — H-h j'Jiicgk + CpAj) (20) 

Rk rp 

Cathode followers perform well at any frequency (even greater 
than 100 megacycles) where cathode-to-ground capacitance is negli¬ 
gible or may be neutralized. 

Grounded-Grid Amplifier. Another method of using a triode as an 
amplifier is shown in Fig. 22a. This is commonly known as the 



(o) (W 

Fig. 22, Actual and equivalent circuit of a grounded-grid amplifier. 


grounded-grid amplifier since the grid is at ground potential for alter¬ 
nating current. The input is applied between the cathode and ground, 
and the output is developed across an impedance Zl in the plate circuit. 
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The equivalent circuit for the grounded-grid amplifier is shown in 
Fig. 226. The internal impedance of the input source is assumed to be 
zero. The input source Eg and the equivalent generator fiEg are in 
series. The resulting plate current Ip is given by: 


tiEg + Eg ^ Eg(fi + 1 ) 

rp + Zl Tp + Zl 


The output voltage Eq is given by 
Eq = ^IpZL = 

and the voltage gain is given by 


--EgZi,{n + 1 ) 

Tp + Zl 


Eq ^ —Zi,(m + 1) 

Eg Tp + Zl 


( 21 ) 

( 22 ) 

(23) 


The grounded-grid amplifier has slightly more gain than the conven¬ 
tional amplifier provided that the internal impedance of the Eg is very 
much smaller than Vp + Zl- 

'Phe input impedance of the grounded-grid amplifier is given by 


Eg ^Tp + Zl 

Ip + 1 


(24) 


This is quite low and requires a driving source Eg of low internal im¬ 
pedance in order to realize maximum gain or develop useful power 
across Z/,. 

The grounded-grid amplifier finds its greatest application in vhf 
and uhf circuits. The grounded grid acts as an electrostatic shield 
between the input and output circuits. Thus triodes can be used at 
vhf and uhf without neutralization. This is very advantageous as 
satisfactory neutralization is very difficult to obtain at these fre¬ 
quencies. A grounded-grid triode is preferable to pentodes and tetrodes 
at uhf when the residual inductance in the screen and suppressor leads 
causes instability. When used as a power amplifier the high driving 
power is not objectionable as the driving sources act in series with the 
grounded-grid amplifier to develop across the load Zl. Optimum per¬ 
formance is obtained with tubes specifically designed for grounded- 
grid operation, such as the lighthouse tubes (see page 420). 

Radio-Frequency Amplifiers. Radio-frequency amplifiers operate 
above the audible range and are generally designed to respond only 
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to a narrow ^'pass band” seldom greater than 20 per cent and usually 
1 or 2 per cent of the mid-frequency. Thus they differ from the ampli¬ 
fiers previously discussed which were able to pass a relatively wide 
band of frequencies. Radio-frequency amplifiers are necessary in 
radio and carrier telephone transmitters, receivers, and other applica¬ 
tions where a narrow band of frequencies must be selected and all 
others rejected. 

There are numerous circuits for coupling rf stages, ranging from 
the simple tuned circuit of Fig. 23a to complicated multisection net¬ 
works. All circuits employ resonance in some form, and all serve to 
cancel the shunting effect of the tube, and the circuit capacitances. 
The latter function is essential because at the relatively low frequency 
of 10 megacycles the shunt reactance of a circuit may become approxi¬ 
mately 1000 ohms, a value too low to permit much amplification. In 
Fig. 23a the tuning capacity Ci, output capacity Co of tube 1, input 
capacity Ci of tube 2, and all stray wfiring capacities act together with 
the coil Li to form a parallel resonant circuit. Under some conditions 
Ci varies with the electron current in the tube. This effect, called the 
Miller effect (see page 136), occurs particularly with high tubes 
when gain is controlled by varying the grid bias. In order to pre¬ 
vent such change in input capacity and the resulting shift in resonant 
frequency, a small unby-passed resistance may be inserted in the 
cathode circuit. 

Tubes employing screen grids are more desirable than triodes as 
radio-frequency or rf amplifiers because they act as constant-current 
generators and their output voltage therefore varies directly with load 
impedance. Also, their low grid-to-plate capacity results in low effec¬ 
tive input capacity and greater stability. If enough energy is coupled 
from the plate back to the grid via Cgp, the circuit will ^^oscillate” and 
will be useless as an amplifier. Such oscillation may be prevented by 
reducing the gain, increasing the grid circuit losses, or by canceling 
the feedback with a neutralizing circuit. In Fig. 24a the output cir¬ 
cuit has a tap at the center. Voltage 180 degrees out of phase with 
Ep is fed through a small variable condenser Cn back to the grid. 
Cn is adjusted to be approximately equal to Cgp which reduces the net 
current from plate circuit to grid to zero. The same principle is applied 
in Fig. 24b to two tubes connected in ‘‘push-pull.” Such a stage is 
said to be “cross neutralized.” 

The signal voltage at the plate of an rf stage is equal to — 
where is the impedance into which the tube operates. With screen- 



(c) Physical mutual coupling in ir and T circuits 
23. Coupling circuits for rf amplifiers. 
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grid tubes this is approximately —eggJljL, and, if the voltage at the 
following grid is the same as that in circuit Fig. 23a, stage gain is 

G = Qm^L (25) 

Expressions for tuned-circuit impedance were given in Chapter V, and 
the manner in which this impedance varies with frequency defines the 
'^selectivity^ ^ or ability of the stage to discriminate against unwanted 



(a) ib) 

Fia. 24. Circuits for iieutraKzation of griil-plate capacitance. 


feignals. When the effective resistance of the coil is low the tuned- 
circuit impedance is approximately: 


= QXc {See equations 9 and 10, Chapter V) 


Hence, from equation 25, 


G = -OmQXo (26) 

Amplifiers that must be tuned to different frequencies, such as those 
in a radio receiving set, must have either L or C variable. In the more 
common arrangement where L is fixed and C is a section of a variable 
condenser gang, the ratio L/C will increase as frequency is squared. 
Gain will, therefore, be higher at the high-frequency end of the band. 

A more economical and in many respects a more satisfactory cou¬ 
pling device is an rf transformer (Fig. 236). Both the coupling con- 
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denser and grid resistor are omitted, although an additional winding 
is required. Either primary, secondary, or both may be tuned. An 
untuned primary can be adjusted so that with the distributed and cir¬ 
cuit capacities resonance occurs just below the tufting band. At the 
low-frequency end of the band where the primary is approaching 
resonance, gain will be increased. This may be made to compensate 
for the reduced L/C ratio in the tuned-grid circuit. A high-frequency 
primary, one which is resonant above the tuned band, is less expensive 
and affords a better impedance match when the primary is connected 
to a transmission line. Greater selectivity is obtained through the use 
of a double-tuned transformer. Such an arrangement is ideal for 
amplifiers that operate at a fixed frequency, such as the intermediate- 
frequency amplifiers in a superheterodyne receiver but is imwieldy 
when the tuning must be varied. Plate voltage can be found as al¬ 
ready discussed. Using for Zl the input impedance of the transformer, 
eg 2 will be Bpi times the gain of the transformer. 

For uniform response over the pass band the coupling may exceed 
critical so that a flat-topped selectivity curve results. A wider pass 
band can be provided if loading resistors are connected across primary 
and secondary coils. This use of resistors reduces the gain so that a 
greater number of stages will be required. It is sometimes easier to 
control the coupling in a transformer when a “physical mutual” is used. 
Then the primary and secondary coils are arranged to have little 
mutual coupling, and a third coil Lm (Fig. 23c) provides the desired 
voltage transfer. For the tt connection Lm must be large compared to 
Li and L 2 and the coupling increases as Lm decreases. In the T circuit 
the reverse is true with Lm being relatively small and the coupling in¬ 
creasing with Lm- 

At the higher frequencies, the tuned circuits may be replaced by 
quarter-wave transmission line sections. A concentric line or coaxial 
cable consisting of a small inner conductor supported on insulators 
at the center of a hollow pipe is well suited to this purpose. If a sec¬ 
tion of line one-quarter wavelength long has one end shorted, the 
other end will present a very high impedance. This is the same as 
the high impedance of a parallel resonant circuit composed of a coil 
and condenser. A transmission line has the advantage of being simple 
and mechanically rigid. A three-inch section with a small “trimmer” 
condenser at the open end will tune to 300 megacycles. Two-line 
sections may be coupled to form a transformer by connecting a link 
between the inner conductors at a point near the shorted ends. As this 
link is moved toward the open ends, the coupling increases. 
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Problems 

1. In the amplifier shown in Fig. 25, = 1200 jumhos; = 1 megohm; 

Rp = 100,000 ohms; 1 megohm; Ct = 30 /i/xf; Cc = 0.005 /if. (a) What 
is the gain for middle-range frequencies? (b) At what frequencies is the gain 
0.707 of the middle-range gain? 



Fia. 25 


2. In the amplifier of Fig. 26, /i = 90; rp = 83,000 ohms; Rp = 250,000 
ohms; Rg = 500,000 ohms; Ce = 0.01 jj.i: Cg = 60 mmL (a) Compute the gain 
for middle-range frequencies, (b) Compute the gain for the following frequen¬ 
cies and plot the response curve as shown in Fig. 7:10; 20; 30; 60; 100; 10,000; 
20,000; 40,000; 60,000. 



Fia. 26 Fig. 27 


3. In the amplifier of Fig. 25, g^, == 1200; rp = 1 megohm; Rg = 1 megohm; 
Ce = 12 fifjLf. It is desired that the gain shall be down only 0.8 at frequencies 
of 20 and 150,000 cps. (a) Calculate Rp, (b) What value should Ce have? 
(c) What is the middle-range gain? 

4. A transformer-coupled amplifier is shown in Fig. 27. /x = 20; rp = 7000 
ohms; Ri = 500 ohms; Li = 0.1 henry; = 40 henries; C 12 = 150 ju/xf; R 2 = 
9000 ohms; L 2 *= 0.9 henry; C 2 = 1200 /x/xf; n = 3. (a) What is the gain for 
the middle-range frequencies? (b) What is the gain at 10 cps? (c) At what 
frequency does maximum gain occur? (d) What is the peak gain? 

5. In Fig. 28 is shown a two-stage video amplifier. The amplifier is to pass 
frequencies up to 4 megacycles per second. Ci = 8 /xjuf (tube capacitance plus 
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wiring capacitance); C 2 =* 10 /i/if (tube capacitance ,plus wiring capacitance) \ 
Cz = 20 fifii (picture tube capacitance plus wiring capacitance); Cgp =* 0.06 /i/if 
(6AG7); Cinput = 12-5 fifd (6AG7);^,„ = 2500 Atmhos (6J5); - 11,000 jwmhos 

(6AG7). Calculate: (a) Rpz] (b) L 2 ; (c) 0% (gain of 6AG7); (d) Rpi] (e) Li; (f) Oi 
(gain of 6J5); (g) over-all gain. (Assume suppressor grid connected to ground.) 



Fig. 28 

6. Draw the equivalent circuit of a cathode follower and show that (a) 


Gain == 


M + 1 Tp 


(b) Compare this formula with the formula for the gain of an ordinary amplifier. 

(c) Show that the output resistance of a cathode follower is 

RkVp 

Rkifi + 1) + Tp 

7. In the cathode follower of Fig. 29, jn = 20; Vp = 8000 ohms, (a) What is 
.the gain? (b) What is the output resistance? 



Fig. 29 

8. A 6J4 is to be used as a grounded-grid rf amplifier. The plate-load cir¬ 
cuit consists of a tuned circuit whose impedance is 50,000 ohms, /i ** 55; Vp 
= 4500. Calculate: (a) the voltage gain; (b) the input impedance. 
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9. A 68J7 tube is used in a tuned rf amplifier as shown in Fig. 30. Eu = 
100 volts; L = 0.18 mh;/ = 1000 kc; Q = 175; fp = 0.7 megohm; y*, = 1576 
/unhos. (a) Draw the equivalent circuit and calculate the voltage gain, (b) 
Calculate the gain using equation 11 and compare with your answer to part (a). 



10. Calculate the gain of a three-stage video intermediate-frequency (if) am¬ 
plifier using 6AC7 tubes. The if transformers are loaded on the secondary 
side with resistors so that the plate load for each stage is approximately 2000 
ohms over the pass band. The voltage gain of the transformers is unity. 
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Chapter VTII 

POWER AMPLIFIERS 


The amplifiers discussed in the preceding chapters are designed to 
increase the voltage of a weak signal and hence are called ^Voltage 
amplifiers.” The power amplifier is designed to deliver energy to a 
load such as a loudspeaker, a transmitting antenna, or diathermy pa¬ 
tient, and similar applications. Here current is important as well as 
voltage, and attention must be given to additional factors such as 
maximum cathode emission and safe plate dissipation. Power ampli¬ 
fiers are classified as A, AB, B, and C, according to their grid-voltage 
plate-current excursions, and these different classifications will be dis¬ 
cussed in order. 

Class A amplifiers are those in which the grid bias and a-c plate 
voltages are such that plate current never reaches zero at any portion 
of their operating cycle. 

The operation for Class A is shown in Fig. 1. The grid is oper¬ 
ated in the negative region between cutoff and zero. In general, for 
single-tube use the grid bias is selected so that operation takes place 
on the linear portion of the dynamic transfer characteristic. Here the 
distortion generated by the tube is low, and low distortion is the out¬ 
standing advantage of Class A amplifiers. The requirements for low 
distortion produce a low plate efficiency. The plate efficiency of an 
amplifier is the ratio of the a-c (fundamental) plate output to the 
plate input where the plate input is the product of the plate-supply 
voltage and the average plate current. The plate efficiencies for Class 
A operation are of the order of 20 to 25 per cent. With no grid signal 
all the power delivered by the B supply goes toward heating in the 
plate circuit of the tube. When signal is applied, some of this power 
is converted into useful output and the heating of the tube is less. In 
other words, the tube of a Class A amplifier will be cooler when deliver¬ 
ing power to the load than when it is idling. A tube should be chosen 
which has a rated plate dissipation equal to about three times the 
desired output power. Peak cathode emission requirements are not 
severe since the plate current never reaches more than twice the aver¬ 
age value. 
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Maximum power output from any generator is obtained when the 
load resistance is equal to the internal resistance of the generator. 
This is true also of the Class A amplifier. However, it is necessary to 
operate a triode with a load at least twice the plate resistance in order 
to keep distortion to a reasonable level. The major distortion com¬ 
ponent for the triode is the second harmonic which can be found from 
the increase in average plate current with signal as explained in 
Chapter V. Harmonic distortion is usually expressed as a percentage 



of the total current. In Fig. 16 of Chapter V, the maximum of the 
current variations is %(^max -- /min)- Then using the expression for 
the second harmonic given in equation 19 of Chapter V, the per cent 
of harmonic distortion may be resolved into tlie following equation: 

^ _ . "2^^ max + Ih min) '^hO 

% 2nd harmonic =--- - ---X 100 (1) 

h max I b minj 

The ib-Cb characteristics for pentodes and beam-power tubes curve 
oppositely from those of triodes, and optimum operation is obtained 
when the plate load is relatively low (approximately one-tenth the 
plate resistance). The load line should not cross Eco = 0 below the 
knee of the curve or distortion and screen current will rise rapidly 
and the safe screen dissipation may be exceeded. Second harmonics 
are usually low but the third and fifth become appreciable. Distor- 
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tion in pentodes may be calculated approxinaately by the “5-ordi- 
nate” method.* 

% 2nd harmonic =-- — -X 100 (2) 

/6 max - h min + 1.41(/» - I^) 

A 1 1 • max “ min “ 1.41CJ* ■I'y) /n\ 

% 3rd harmonic --X 100 (3) 

/ft max - /6 min + 1.41(7, - /„) ' 

where 7, and 7„ are the plate currents corresponding to 0.293 and 
1.707Eg, respectively. 

Power output and optimum load resistance can be most easily de¬ 
termined graphically. For triodes and pentodes having small third- 
harmonic distortion, equation 13, Chapter VI, may be used. When 
the third harmonic is appreciable, greater accuracy is given by 

. [76 max - h min + 1.41(7, - Iy)?RL 

Average power -- (4; 

32 

where la, and Ip are as defined above. 

Power stages are nearly always transformer-coupled since this 
coupling provides low loss for the steady component of plate current 
and permits matching the tube to a load of any impedance. Trans¬ 
former losses usually run between 7 and 20 per cent and must not be 
overlooked when calculating output. All the power equations give 
tube output and not useful power in the load. 

Class A stages may be used for audio-, video-, or radio-frequency 
amplification. The power stage of a radio receiver having a single 
output tube is always Class A, and the preceding radio-frequency and 
audio-voltage amplifiers are also Class A. 

If more power is required than can be obtained from a single tube, 
two or more similar tubes may be operated in parallel. Load resist¬ 
ance, output, and distortion are found the same as for a single tube 
except that the current values on the tb-Cj, curves must be multiplied 
by the number of tubes that are in parallel. Circuits of this type are 
likely to generate very high-frequency ^'parasitic” oscillations which 
must be suppressed by the use of small resistors at the grid of each 
tube. 

A preferable method for utilizing two tubes having identical char¬ 
acteristics is the push-pull circuit shown in Fig. 2. The grids are 

*Radiotron Designer's Handbook, 3rd ed., pp. 283-284, The Wireless Press, 
Sydney, Australia. 
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driven by voltages equal in amplitude but opposite in polarity so that 
the plate current in one tube increases while that in the other decreases. 



Fig. 2. Push-pull circuit for amplification. 

The result of this action is to greatly reduce the second and all other 
even harmonics so that for a given power output much less total dis¬ 
tortion is introduced. Tlie steady component of plate electron current 


Resultant tube 1 


/V- 


Resultant i in 
\ primary transformer 


2nd harmonic 



Second harmonic 





flows from each end of the winding toward the center tap. If the two 
halves of the winding are identical and the two plate currents are 
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equal, the total magnetizing force will be zero, Thus an appreciable 
saving in core size is made, and the ability of the transformer to pass 
low frequencies is retained. 

The reason for the low harmonic distortion in the push-pull amplifier 
circuit is illustrated in the curves of Fig. 3. Since operation for wide 
swings of grid voltage will take place over nonlinear sections of the 
dynamic plate curves, nonsymmetrical current waves will exist in the 
individual tube circuits as shown by the resultant waves of parts a 
and 6. The second harmonic (peak) will be in phase with the peak 
of the positive loop as shown, and hence in phase with each other when 
considered within the individual tube circuits. The push-pull connec¬ 
tion to the output transformer reverses (180-degree phase shift) the 
phase relation of tube 2 with respect to tube 1. Thus curves of a' are 
a replica of a, whereas curves of c are reversed in phase. Inspection 
of parts a' and c of Fig. 3 shows that the second harmonics from tubes 
1 and 2 flowing through the transformer primary are 180 degrees out of 
phase, and hence cancel, whereas the fundamental current waves from 
the tubes are in phase and therefore add, giving the resultant (2 times 
fundamental) shown by the dotted line in a'. Slight differences in tube 
characteristics and circuit adjustment will prevent a perfect cancella¬ 
tion of second harmonic though the distortion will be low. 

The advantages of Class A push-pull amplification may be sum¬ 
marized as follows: 

(a) No d-c saturation of the output transformer core; hence reduced size and 
cost. 

(h) Reduced even harmonic distortion. 

(c) Insensitive to ripple voltages present in tlie plate, gi’id, and filament 
supplies. 

id) No reaction of signal current on the plate power supply; hence no coupling 
with other stages through common supply leads. 

(e) Greater power output because of reduced effective plate resistance. 

Disadvantages are: 

{a) Balanced input signal voltage required. 

(b) Increased cost due to use of two tubes, two sockets, and center-tapped 
transformer. (Partly offset by saving in transformer core size.) 

The reason for the advantages listed as c and d in the preceding 
arises from the fact that the a-c components of plate current for the 
two tubes are equal in magnitude and 180 degrees out of phase. Thus, 
ipi = —42 in Fig. 2. Accordingly, the effects of ripples in the supply 
voltages for plate, grid, and cathode will cancel out in the primary of 
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the output transformer. The preceding relationship indicates that the 
current delivered by is constant and independent of signal changes. 

The reason for advantage e in the preceding may be learned through 
a deductive process. Assume first that the turns ratio for the output 
transformer in Fig. 2 is 2/1 and the secondary load is Rl- Since the 
turns ratio for each half primary winding to secondary is 1/1, the load 
for each tube looking into the transformer is Rl- Since the total 
primary turns from plate to plate is two times that of one tube and 
since the impedance varies as the square of the turns, the plate^to- 
plate load is 4 Rl» The output a-c current for tube 1 (Fig. 2) is ipif 
and it flows through one-half of the primary winding. The same 
ampere-turns may be produced by one-half ipi flowing through the 
entire primary winding. Continuing this concept, the equivalent cur¬ 
rent through the entire primary is % (ipi + ip 2 ) wdiich is equal to 
ipi, since ipi and ip 2 are equal in magnitude, 180 degrees out of phase, 
and fed to the primary in opposite directions. Since the plate-to- 
plate load resistance is 4^Rl, the a-c voltage drop across the primary is 
4ipiRL, and that across the load for each tube is 2ipRl. This value is 
2 times the voltage drop for a single tube operation where current is 
ipi and load Rl- This value can be produced by a current 2^1 flowing 
through a load resistance Rl- Thus it may be deduced that for the 
case assumed the equivalent plate resistance has been reduced to 
one-half that for single-tube operation, a larger current being thus per¬ 
mitted to flow. 

Operating conditions for push-pull Class A amplifiers can be deter¬ 
mined graphically as with a single tube. Here, however, a composite 
characteristic for the two tubes should be constructed.* This 
is done by inverting the family of curves for one tube and placing it 
adjacent to the other so that the operating plate voltages coincide for 
the chosen value of as illustrated in Fig. 4. Composite operating 
curves are now constructed for corresponding grid voltages which ful¬ 
fill the requirements stated on the curve sheet. Requirement number 
one is met if the curves have been inverted properly. Thus point 100 
(Cft) on the zero-zero axis for the upper curves corresponds to 500 for 
the lower curves. The sum of these values 100 + 500 = 600 which 
checks the value of 2 X 300 = 600 for the supply voltage. Under re¬ 
quirement number two, 2 X Eoo = —120 volts. Now, if it is desired 
to construct the composite curve for Eco = —20 (upper curves), the 
corresponding grid curve for the lower group is found by substitution 

♦B. J. Thompson, “Graphical Determination of Performance of Push-Pull 
Audio Amplifiers,” Proceedings Vol. 21, p. 595, April 1933. 
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in the second equation where —20 + 6 ^ 2 = —120 and ec 2 = —100 
volts. Thus the —20 and —100 are corresponding static curves. The 
composite curve may now be constructed by erecting a perpendicular 
line ab at any convenient point such as p. The intercept pb is the 
plate current i?, of one tube and pa the current of the other. Since 
the latter current is negative, the difference pX is the effective current 
and point X is one point on the composite current. Similar graphical 
constructions at other positions will give additional points for deter¬ 
mining the composite curve. An approximate method for determina¬ 
tion of the composite curve (for Class A operation only) consists in 
erecting perpendicular lines at the cutoff points of the corresponding 
grid static curves and then joining the points of intersection of the 
perpendicular with the other grid curve (see line cd as an example). 

The load line is drawn so that it crosses the = 0 axis at E^i. This 
line has a slope of — (I/Bl) where Ri, is the load looking into one-half 
the primary of the output transformer. The average power output of 
a push-pull amplifier in the absence of odd harmonics is 

. (ib m&x)^RL 

Average power =- (5) 

2 

The actual values of Rl and Ecc may vary considerably and should 
be selected to give maximum power output w^hile the tubes are per¬ 
mitted to operate within the linear region of the composite character¬ 
istic and within their rated plate dissipation. A convenient procedure 
for Class A triodes which must deliver maximum power is to make 
the load line cross Ecc = 0 at O.GE'fts.* Ecc should not have a value 
more negative than one-half that required to give plate-current cutoff 
at 1.4Ebo if strictly Class A operation is to be retained. 

The balanced input voltages required by push-pull stages may be 
obtained from a grid transformer Ti, Fig. 2, having a center-tapped 
secondary or from J2C-coupled ^‘phase inverters,’^ Fig. 5. The plate- 
cathode loaded inverter a has the advantage of simplicity and low 
distortion. It requires only one tube but has a gain of less than unity. 
For perfect balance, Rje = Rp. Circuit b is self-balancing like a and, 
although requiring two tubes, does provide some gain. Rje should be 
large for best balance, preferably approaching 22p.f In c, grid 2 is 

* Receiving Tube Manual RC^H, Radio Corporation of America, Harrison, 
New Jersey. 

t Wheeler, "Self-Balancing Phase Inverters,” p. 67, Proceedings LRE,, Vol. 34, 
February 1946. 
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(a) Plate-cathode coupling 



(b) Common cathode coupling 



(c) Cascade 

Fig. 5. Phase inverters coupled to push-pull stage. 


ISO 
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fed a portion of the voltage output of tube 1. The divider must be 
rather carefully adjusted and, if the tubes are identical, should have a 
ratio of I/G 2 where G 2 is the gain of tube 2. Operating parameters 
must be properly chosen since any frequency or harmonic distortion 
created by tube 1 will be amplified by tube 2. Since the grids of Class 
A output stages are always negative, they draw no current and the 
driving stage needs to supply only the required signal voltage. 

A Class AB amplifier operates with greater negative bias than the 
Class A as shown in Fig. 6 and thus permits higher plate voltage 



without exceeding the rated dissipation and greater grid swing; hence 
power output is increased. Average plate current increases with signal, 
and the ip wave is no longer the same form as Bg. Two tubes must be 
used in push-pull for audio amplifiers or wherever fidelity of output 
wave form is necessary. This class of operation falls between A and 
B. It is usually subdivided into ABi amplifiers which draw no grid 
current, and AB 2 in which the grids do swing positive. 

The reduction in distortion by push-pull operation for AB ampli¬ 
fication is illustrated in Fig. 7. Since the grid signal swings the grid 
below the cutoff point, the plate current goes to zero for part of each 
cycle for each tube. The resulting plate currents for the two tubes 
will be approximately as shown in Fig, 7. The plate currents repre¬ 
sented by the areas aob and cod are eq\ial and opposite. When they 
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pass through the primary of the transformer they should neutralize 
each other and leave a net resultant shown by the dotted line ac which 
means low distortion. The eflSciency for AB operation should be 
higher than for A operation because the a-c output current is of larger 
magnitude and because the average d-c current from the plate supply 
is lower in magnitude under similar conditions of operation. 

Two typical beam-power tubes (type 6L6) will deliver 17.5 watts 
when used for Class A operation, 26.5 watts for Class ABi, and 47 
watts with Class AB 2 . For AB 2 operation the driver must supply 
0.27 watt for the grids with good regulation. To prevent change in 



Fig. 7. Cancellation of distortion in push-pull circuit for Class AB amplification. 

operating bias arising from grid current flow, the d-c resistance of the 
grid circuits must be kept at a low level by using transformer or 
impedance couplings. Since the average plate current varies with 
signal the plate power supply must have good regulation to maintain 
constant voltage with and without signal. 

Class B amplifiers are those operating with approximately cutoff 
bias and with zero or very low quiescent plate current as shown in 
Fig. 8.* Current flows only during the positive half of the cycle, 
and so for audio work two tubes must be used in push-pull—one to 
supply each half of the wave. With no signal little power is drawn 
from the plate supply, a particularly desirable feature for battery 
operation or for very high-power amplifiers such as those in radio 
transmitters. The theoretical maximum plate efflciency for this cir¬ 
cuit is 78.5 per cent. 

This theoretical efficiency may be determined by reference to Fig. 9. 
The average value for the direct current for a full cycle is 2/mA (cur- 

*L. E. Barton, Audio Power from Relatively Small Tubes,” Proceed¬ 

ings LRJE,, Vol. 19, July 1931. 
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Fig. 8. Grid voltage-ijlate current Class B amplification with single tube. 


rent from two tubes passes i)late supply). Thus the plate input from 
a battery is; 

2 

•P input — EbbX- ■ I max 
n 

The effective plate-current output (fundamental) is /max/'v/S- The 
maximum voltage swing, as shown by the load line on left of Fig. 9, is 
(Ehh — Emin) and the extreme value that it could have, when Emin — 0, 
is Ebb^ The effective value of this extreme is Ebb/^/2- Thus the 
theoretical limiting power output is 

p — ^max _ EbbI max 

/^output limit = yf X “ —7— 

from which the theoretical efficiency is 


Efficiency max * 


EbbX 


or 78.5% 
4 


The usual efficiency for Class B audio amplifiers lies within the 
range of 50 to 60 per cent per stage. This represents a great improve- 






POWER AMPLIFIERS 


ment over Class A efficiency and, in addition, 9 , greater power output 
can be realized from the same size of tubes. Somewhat more distor¬ 
tion is generated, and this has its greatest magnitude at low signal 
levels because nonlinearity is more pronounced near cutoff. The re¬ 
strictions on plate-supply regulation, grid-circuit resistance, and driver 
impedance hold in even greater degree than for Class AB 2 amplifiers. 
A Class A power stage coupled through a step-down transformer is 
generally used for the driver because of its minimum distortion char¬ 
acteristic. Cathode resistance bias is not practical because of the 



great current fluctuations and because the bias supply must have low 
impedance. Tubes particularly well suited to Class B operation are 
high-/Li triodes whose plate current with — 0 is low. Such tubes 
are operated with zero bias supply and present a more nearly constant 
load for the driver stage. 

Design of Class B stages is quite involved because of the many 
variables. For most purposes data published for the particular tubes 
being used will give satisfactory values of load resistance, plate volt¬ 
age, driving power, etc. Raising the load resistance makes the stage 
easier to drive and increases the efficiency but lowers the power output. 
The load should be adjusted so that the minimum plate voltage is 
never less than the maximum positive grid voltage; otherwise the safe 
grid dissipation may be exceeded. If min of the load is known or can 
be estimated, then the other circuit parameters can be found easily 
by assuming plate current loops of half-sine waves.* Each tube draws 
current for one-half cycle and during the other half is an infinite im- 

♦Terman, Fundamentals of Radio, p. 168, McGraw-Hill. 
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pedance/ This is the same as a single tube working for a full cycle 
into Rl, the impedance of one-half the transformer primary. 

min ~ Ip max-^L ( 7 ) 

The plate-to-plate impedance is 4i2/, as in Class A operation. 

(Ip max)^-RjL . V 

Average power -- (8} 

2 

Class B stages are often used for rf amplification and may be either 
push-pull or single-ended. Tuned transformers are always used at 
radio frequency so that the load impedance to all frequencies other 
than the fundamental is very low and harmonics are suppressed. A 
Class B amplifier may be adjusted so that the rf output voltage 
varies directly with input voltage. Such a stage is called a linear 
amplifier and is useful where a modulated carrier must be amplified. 
Peak efficiency is the same as for Class B audio but at the unmodulated 
carrier level the efficiency is only 25 to 33 per cent. 

Class C amplifiers have a negative grid bias greater than cutoff and 
plate current flows for less than one-half cycle as illustrated in Fig. 
10 . The grid is driven far into the positive region so that it draws 



Fig. 10. Grid voltage-plate current amplification with Class C. 


considerable current. Usually the bias is 2 to 4 times the cutoff value, 
and the plate current flows for about one-third of a cycle. Conse¬ 
quently, the current wave is greatly distorted and may reach a high 
peak value, approximately that of the total cathode emission. Such 

♦Dow, Fundamentals of Engineering Electronics, p. 309, John Wiley <fe Sons. 
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an amplifier should be used only where the hamonies are suppressed 
by tuned circuits. Efficiency is higher than ior any other class of 
amplifier and may exceed 75 per cent in practical applications. This 
high efficiency makes Class C operation desirable wherever high power 
is required, such as in radio transmitters, diathermy, and industrial 
high-frequency heating equipment. 

A properly adjusted Class C stage acts like a pure resistance load 
on the plate supply. If is increased, (d-c component of plate 
current) will increase in a like ratio and power output will be pro¬ 
portional to Thus a convenient method for modulating the 

amplitude of the rf carrier is provided (see Cliapter X). 

Several graphical and algebraic methods for analysis of Class C 
amplifiers have been proposed.* One of these may be used if the 
amount of work involved can be justified. It is often sufficiently ac¬ 
curate to assume a plate efficiency ranging from 50 per cent for small 
tubes to 75 per cent for larger ones. Values for maximum plate volt¬ 
age, plate dissipation, and grid-driving power are supplied by the tube 
manufacturer. For example, a type 833A high-frequency triode has 
the following recommended maximum operating values: unmodulated 
d-c plate voltage, 4000; d-c plate current, 500 ma; and plate dissipa¬ 
tion, 400 watts. If the efficiency is assumed to be 75 per cent, then 
25 per cent of the input must be lost on the plate. Permissible d-c 


input is: 

400 

Pi =-= 1600 watts 

0.25 

Also 

Pi = /bSt 

h = = 0-4 ampere 


Or, if /ft is maximum instead of Eb, 

1600 

=-= 3200 volts 

0.5 

Hence the tube may be operated anywhere between 4000 volts, 400 ma, 
and 3200 volts, 500 ma, with an input of 1600 watts and an output of 
1600 — 400 = 1200 watts. Not all of this output is available for there 

* Applied Electronics, M.I.T. Electrical Engineering Staff, p. 571, John Wiley 
& Sons; Everitt, Communication Engineering, p. 566, McGraw-Hill; F. E. Ter- 
man and W. C. Roake, “Calculation and Design of Class C Amplifiers,” Proceed^ 
ings LRJS., Vol. 24, p. 620, April 1936. 
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are some losses in the tuned plate circuit. These are usually small, 
however, compared to those in the tube. 

The grid voltage for zero plate current can be found from the 
ib-Bb curves or for triodes may be taken as approximately — (Eb/fi ). 
Since for the type 833 is 35, Ee fot Class C operation should be 


2Ei, 


2 X 4000 
35 


— 228 volts 


Grid-driving power (from the manufacturer’s data) is approximately 
26 watts, although the driver should be able to deliver more than this 
to supply grid circuit losses and provide a reasonable additional allow¬ 
ance. InsuflScient grid drive results in lowered efficiency and loss of 
the linear relationship between Ei, and h- 

Either triodes or screen-grid tubes, such as tetrodes and pentodes, 
are suitable as Class C amplifiers. The latter require much less grid¬ 
driving power and consequently show greater power gain per stage. 
Also their plate-to-grid capacity is usually low enough so that no 
neutralization is necessary to prevent oscillation. Careful circuit 
adjustment must be maintained, however, so that the screen does not 
overheat. 

In passing, it should be noted that the push-pull circuit may be 
used for Class C power amplification. Distortion will be much 
greater than with Class A or Class B. The usual application for 
Class C is with an rf narrow band circuit where the tuned circuit or 
tank stores energy in its electric and magnetic fields so as to supply 
both halves of the output waves, as explained in Chapter V. Class B 
may also be used without the push-pull circuit for radio-frequency 
amplification where the tuned load impedance supplies the second 
half-wave for each cycle. 

Nothing has been said concerning the value of load impedance for 
rf amplifiers although the load governs to a large extent efficiency, 
power output, and harmonic distortion. Discussion of the design of 
tuned load circuits, including operating Q and L/C ratio, is beyond 
the scope of this book but may be found in the references already cited 
and in Technical Manual TT3, ^^Air-Cooled Transmitting Tubes,” pub¬ 
lished by the RCA Manufacturing Company. 

Multistage Amplifier Design. The design of a complete amplifier 
should be approached in a logical manner in order that all factors may 
be properly evaluated. Specific circuits will be suggested by the gen¬ 
eral requirements. For example, in designing an audio amplifier it is 
necessary to consider: 
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{a) Power output required and the type of rload which the ampli¬ 
fier must feed, such as a loudspeaker, recorder. Class C rf stage, etc. 

(b) Voltage gain, which will be governed by the signal source such 
as microphone, photocell, or others. It may be necessary to provide 
two or more input circuits so that several signals may be combined. 

(r) Frequency range, which should be kept to the minimum con¬ 
sistent with the application. Greater range increases the hum, noise, 
and distortion, whereas, if these are kept low, the cost of the ampli¬ 
fier is increased. 

id) Special requirements, such as battery operation for portable 
use, small size, and others. Limits may also be placed on the number 
and type of tubes which may be used or on the over-all cost. 

After the above factors have been determined, the output stage may 
be designed. A necessary aid is a chart or handbook showing the 
characteristics of all available tubes.* Tubes should be selected that 
will provide the required output with a reasonable safety factor. Here 
it is important to take into account the losses in the output transformer 
which usually run from 7 to 20 per cent. If minimum distortion is 
required or if the output must be greater than can be supplied by a 
single tube, a push-pull stage should be used. Triodes have the ad¬ 
vantage of low plate resistance; hence their output voltage is more 
nearly constant with variation in load impedance. The type of output 
tubes and the required power will determine the operating load line, 
and this factor together with the load resistance dictates the turns 
ratio for the output transformer. Where large amounts of power are 
required or where it is necessary to keep the JS-f- supply drain to the 
minimum, a Class B stage may be used. 

After the operating conditions for the output stage are fixed the 
preceding or driver stage may be designed. For push-pull output this 
stage may be transformer-coupled or, with negative grid tubes, may 
be a phase inverter. The driver must provide sufficient voltage swing 
and, for Class B output stages, sufficient power to drive the final grids 
for full output. If the signal voltage necessary on the driver grid is 
less than that supplied by the signal source, additional voltage ampli¬ 
fier stages must be used. These stages may include volume controls, 
mixing circuits, and tone controls and may use either triodes or screen- 
grid tubes. Triodes are simpler to connect since they require no screen 

* Tube Handbook HBS or Receiving Tube Manual RC~H, Radio Corporation 
of America, Harrison, N. J.; Technical Manual, Sylvania Electric Products, Inc., 
Emporium, Pa. ‘ ' 
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supply but usually provide lower gain and a poorer high-frequency 
response. 

Amplifiers capable of passing low audio frequencies are subject to 
an instability known as ^^motor boating^^ unless suitable precautions 
are taken. Motor boating occurs when a plate or screen voltage supply 



having appreciable internal resistance is used to feed several stages 
and when a low-frequency signal is being amplified. As an example, 
consider a three-stage resistance-coupled amplifier having a common 
B+ supply, as shown in Fig. 11. If for some reason the plate current 

in the output stage 3 increases, the £+ 
voltage will drop slightly because of the 
internal resistance of the supply and the 
impedance of the supply (power pack) 
at low frequencies. This change in 
voltage is impressed on the grid of the 
second stage 2 through the plate load 
resistance of the first. Since a decrease 
in voltage on grid 2 will be amplified 
and appear as an increase at plate 2, the 
grid of the third stage will be driven more positive, thus increasing the 
plate current and further reducing the common J5+ voltage. The 
action of the second stage on the B-|- supply is exactly opposite that of 
the third. However, because of the gain through the amplifier, the 
third stage will have the largest change in plate current, and hence 



Fia. 12. Simple circuit for vol¬ 
ume control. 
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the major effect on the J5+ supply voltage. The increase in plate cur¬ 
rent on the third stage continues until this tube reaches saturation. At 
that time the action reverses and the final grid is soon driven to cutoff. 
This action takes place at a very low frequency, usually only a few 
cycles per second, determined by the various RC combinations in the 



(a) Bass boost or treble attenuation 






Fig. 13. Circuits for tone control. 


circuit. It can be prevented by using a power supply with extremely 
low internal resistance, or by ^'decoupling'^ the 5+ supply for each 
stage through a series resistor and shunt condenser. 

Amplifier gain may be controlled by varying the bias on a stage 
which uses a variable-mu screen-grid tube (see page 66). A more 
common method employs a potentiometer in place of one of the grid 
resistors with the grid connected to the movable tap (Fig. 12). It is 
usually undesirable to place a potentiometer directly in the input of 
a high-gain amplifier because of noise generated when the control is 
moved. However, the amplification ahead of the gain control should 
be limited so that a large signal cannot cause overloading. 
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Tone controls are used to vary the frequency response of the ampli¬ 
fier. With the simple RC circuits (Fig. 13) it is possible to obtain bass 
boost, bass attenuation, or treble attenuation. High-frequency boost 
is unsatisfactory because it accentuates harmonic distortion. 

Amplifier Feedback Circuits. Feedback in an amplifier is the trans¬ 
fer of power from the plate output circuit back into the grid input 





Fiu. 14. Forms of feedback coupling circuils in amplifiers. 

circuit. Generally, the signal fed back has approximately the same 
wave form as the input signal, but its phase may vary from that of 
the input signal. Usually the signal fed back will be either in phase 
with or 180 degrees out of phase with the input. The former phase 
relation is called positive or regenerative feedback, the latter is known 
as negative or degenerative feedback. With positive feedback the 
gain of the amplifier is increased; with negative feedback the gain will 
be reduced. Feedback may be intentional or incidental in the opera¬ 
tion of an amplifier circuit but it is always an important and some¬ 
times a very useful phenomenon. 
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Feedback in an amplifier is a result of a coupling between the out¬ 
put and the input circuits. Such coupling may be capacitive (electric 
field), transformer (magnetic field), or some form of direct coupling 
where an impedance is common to both the output and the input cir¬ 
cuits. Four forms of feedback coupling circuits are illustrated in Fig. 
14. In part a a capacitive coupling between the plate and the grid is 
suggested. This coupling may be due to the interelectrode capacity of 
the tube itself or a capacitor external to the tube. Such a circuit may 
set up undesirable oscillations in a high-frequency circuit, or it may 
serve to reduce the input impedance to the tube as discussed earlier. 
Part h of Fig. 14 shows a transformer coupling. This form of amplifier 
circuit known as a ^^tickler^' connection was used as a regenerative 
circuit on some early radio receivers to give high gain with only one 
tube. This circuit was unstable and served to rebroadcast radiation 
so that, in general, it has been abandoned since the early days of 
amateur radio. A modification of this circuit is sometimes used in 
oscillators and will be discussed in the following chapter. The circuit 
of part c, Fig. 14, is classed as current feedback since the signal is fed 
back into the cathode resistor through current variations in the plate 
circuit. This circuit and action forms the basis of the cathode follower 
discussed in the preceding chapter. Part d of Fig. 14 is a voltage feed¬ 
back circuit in which a portion of the output voltage is fed back to the 
grid in series with the incoming signal. 

Negative Feedback. Negative feedback in an amplifier serves to 
stabilize (hold nearly constant) the gain in an amplifier and also 



(o) ib) 

Fig. 15. Block diagram of negative feedback. 


serves to reduce distortion and noise generated within the amplifier. 
These advantages can be understood by a study of the block diagrams 
of Fig. 15 and subsequent developments and problems. In part ft of 
the figure a simple amplifier without feedback is indicated. By defi¬ 
nition the gain G is the ratio of the output voltage Eq to the input 
signal voltage Eg. With the addition of the feedback circuit of part 6, 
Fig. 15, a portion of the output is fed back to input where /3 is de¬ 
fined by the ratio 
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voltage fed back 


output voltage 

For this circuit the new input voltage Eg' for the amplifier is 


and 

Therefore 


Eo' 


rjQ 


= Eg + ^Eo 
= GE/ 

= EgG^Eg 
Eg 

1 - (?/3 

GEg 

1 - (?j8 


and the gain G' with feedback is 

GEg 


G' 


Gfi 


Eg 


G 

1 - (?j8 


(9) 

( 10 ) 


( 11 ) 


Since G and /3 are voltage or current ratios, they have both magni¬ 
tude and phase angle. When the product of these ratios G X jS is 
unity and the phase angle is zero, the quantity (1 — G^) becomes zero, 
making the output infinitely large. Here instability is extreme and 
would cause the amplifier to oscillate or “sing” aroimd the closed (feed¬ 
back) loop. 

The stability of the amplifier can be imderstood by solving a numeri¬ 
cal example. For the amplifier of Fig. 15, let the gain G = 80 db (volt¬ 
age ratio of input to output of 1 to 10,000) and the loss in the feedback 
circuit be 60 db (voltage ratio of 1000 to 1). If the input voltage Eg is 
1 millivolt, the actual input voltage to the amplifying unit Eg' is, from 
eqxiation 9, 


Eg'^ 


1 

1 - 10 , 000/-1000 


1 

1 - (- 10 ) 


— = 0.09091 millivolt 
11 


The output voltage is 

GXEg' = 10,000 X 0.09001 = 909.1 millivolts 


This output of 909.1 millivolts is also impressed on the feedback circuit 
which allows Mooo of it to be fed back to the input circuit. In the feed¬ 
back circuit the phase is shifted so that the feedback voltage has a 
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minus sign. Hence —0.9091 millivolt combines with the initial 1 milli- 
volt to form the actual input to the amplifier, which gives 

1.000 - 0.9091 = 0.0909 millivolt 

This result checks the value of Eg obtained above, which means that 
the amplifier is stable and that, as long as the applied 1 millivolt is 
maintained, there will be 909.1 millivolts in the output. The over-all 
gain of the amplifier under these conditions is 

output voltage 909.1 

20 logio ^-;-= 20 logio —— 

mput voltage 1 

= 20 X 2.9586 = 59.17 db 

It should be noted that the over-all gain is practically the same as the 
loss jS in the feedback circuit. 

Now if we increase the gain of the amplifier to 100 db (voltage ratio 
of input to output of 1 to 1,000,000) and use the same loss in the feed¬ 
back circuit, a new set of computations will be as follows: 

1 1 

' =-= — = 0.009901 millivolt 

1 - 100,0007-1000 101 

The output voltage (? X J5/g will be 

100,000 X 0.009901 = 990.1 millivolts 

and the over-all gain of the amplifier is 

990.1 

20 logio -j- = 20 X 2.9957 = 59.91 db 

Thus the over-all gain is substantially the same as before and nearly 
equal to the loss in the feedback circuit. This unexpected result is 
explained by the fact that, as the amplification is increased, the feed¬ 
back circuit feeds back a larger voltage 180 degrees out of phase, 
which combines with the applied input voltage to form a lower actual 
input to the amplifier, thereby reducing the output voltage to the point 
where the over-all gain is practically the same as the loss in the feed¬ 
back circuit. The excellent stability and constancy of gain of the 
negative feedback amplifier cause it to be used rather widely in tele¬ 
phone repeaters, radio circuits, and equipment for electrical meas¬ 
urements. 

Some distortion will occur in a final power stage of an amplifier. 
The larger the gain, the greater the voltage swings will be over the 
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nonlinear dynamic characteristic curve wrth corresponding increase 
in distortion. If negative feedback is added to the final stage the 
over-all gain will be reduced and the distortion will be reduced in the 
same proportion. However, the loss in gain in this stage can be com¬ 
pensated by an increase in gain in the preceding stages of voltage 
amplifiers which have low distortion. Thus the resulting distortion 
in the output of the complete amplifier group may be reduced by nega¬ 
tive feedback. 

Negative voltage feedback also reduces the effective plate resist¬ 
ance making it especially helpful with pentodes and beam-power 
tubes which must work into a load (such aa loudspeaker) that varies 
with frequency. Where it is desirable to maintain constant output 
current, a voltage proportional to this current is fed back to the grid 
circuit. Since the feedback voltage must be 180 degrees out of phase 
with the signal at all frequencies, it is essential that the phase shift 
of all intervening circuits must be kept small. The feedback loop may 
include only the output stage or may be extended around the driver 
and one or more voltage amplifier stages. 

Problems 

1. Use the characteristic curves of a 6L6 (triode connection) and calculate 
the power output and per cent second harmonic distortion for the following 
loads: (a) 2000 ohms; (b) 3500 ohms; (c) 5000 ohms. Assume Ebb = 250 volts, 
Ecc = — 20 volts, Egm = 20 volts peak, static load resistance zero. 

2. A 6L6 (tetrode connection) is used as a Class A power amplifier. If Ebb 

= 250 volts, Et 2 = 250 volts, Ecc = —14 volts, Egyn = 14 volts peak, and Rl 
= 2500 ohms, calculate: (a) the per cent second harmonic distortion; (b) the 
per cent third harmonic distortion, (c) If higher order distortion is neglected, 
calculate the total harmonic distortion (D« = ; (d) the rms power 

output. 

3. Repeat Problem 2 for a 6F6 (pentode connection) with Eub = 250 volts, 
Ecc = 250 volts, Ecc = —16.5 volts, Egm, = 16.5 volts peak, Rl = 7000 ohms. 

4. Using data from a tube manual, design a single-ended Class A amplifier 
using a type 6V6 tube with a plate supply voltage of 250 volts. The tube is to 
work into a 600-ohm load. Specify the turns ratio of the output transformer 
and the minimum primary inductance if the gain is to drop to 70.7% of the 
middle-range gain at 75 cps. If cathode bias is used, what values should Rk 
and Ck have? 

5. A pair of type 2A3 tubes is used in a push-pull Class ABi amplifier. If 
the amplifier is operated as shown in Fig. 4, (a) calculate the rms power output, 
(b) What turns ratio should the output transformer have if the load R is 500 
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ohms? (c) If the input transformer has a 1:3 turns iratio, what input voltage 
is necessary for maximum power output? 

6. Two type 6F6 tubes (triode connection) are used in a push-pull Class 
AB 2 amplifier. Assume E^b - 350 volts, Ece = —38 volts, Eg (grid-to-grid 
peak) = 123 volts, Rl (plate-to-plate) = 6000 ohms. Draw the composite 
characteristics and repeat Problem 5. 

7. A pair of type 46 tubes is used in a push-pull Class B amplifier. The am¬ 
plifier is to work into a 600-ohm load. 

Ip max = 170 ma Ebb = 300 volts 

Cb min = 80 volts h (max signal) == 115 ma 

(a) What turns ratio should the output transformer have? (b) Calculate th') 
rms power output, (c) What is the maximum signal efficiency? 

8. A type 304TH tube is used as a Class C rf amplifier. 

Ebb = 1500 volts 

Maximum plate dissipation = 300 watts 

Assume an efficiency of 70% 

(a) Calculate the maximum permissible d-c plate current, (b) Calculate the 
rf power output. 

9. In Fig. 16 is shown an amplifier with inverse feedback. The gam of the 
amplifier without inverse feedback is 25. Ri = 82,000 ohms; R 2 = 8000 ohms, 
(a) What is the value of /3? (b) What is the gain with inverse feedback? 

10. In Fig. 16 a 6L6 is used in a circuit employing inverse feedback to reduce 
distortion. The amplifier is operated Class A with Ebb = 250 volts, Ecc = —14 
volts, = 2500 ohms, (a) Calculate the maximum power output of the am¬ 
plifier without inverse feedback, (b) If the magnitude of is 0.1, what is the 
power output? (c) If Ri = 50,000 ohms, what value should Rz have? (d) 
What value should Eg have to obtain maximum power output with inverse 
feedback? 



Fig. 16 



Chapter IX 

ELECTRON-TTJBE OSCILLATORS 


Electron-Tube Oscillators. An electron-tube oscillator is a com¬ 
bination of electron tubes and circuits which serves to convert direct 
current into some form of periodic varying current. The resulting 
current may be sinusoidal with the oscillator functioning as an in¬ 
verter, or the wave form may be nonsinusoidal having a square, saw¬ 
tooth, or pulse shape. Many oscillators operate by utilizing the 



tuned LC circuits. 

Oscillations occur naturally in the simple parallel LC circuit shown 
in Fig. 1. If switch S is thrown to the left the battery will charge the 
capacitor by removing electrons from the top plate and storing them 
on the lower plate. This action stores energy in the electric field of 
the capacitor. Now turn the switch S to the right and the capacitor 
will discharge through the inductance L with electrons moving from 
the lower plate back to the upper. The rising current through L will 
store energy in the magnetic field surrounding it. When C becomes 
discharged, the energy of its charge will have been transferred to the 
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magnetic field of L. This stored energy in L »;rill continue the flow 
of electrons and begin to charge C with a reversed polarity. This 
process continues until all the energy in the magnetic field has been 
transferred to C. At this point C begins to discharge again with a 
reversed direction of electron flow. Obviously, when C has released 
all its stored energy to the inductance L, the latter will have acquired 
energy to recharge C with the same polarity as originally provided by 
the battery. Now the circuit is restored to its original condition and 
is ready to repeat the process. If both the inductance and capacitance 
were without resistance or any form of loss, the resulting ideal circuit 
would continue to oscillate indefinitely. Ideal circuits cannot be real¬ 
ized and some resistance is always present. Such resistance will re¬ 
duce each swing of current as illustrated in the right view of Fig. 1. 
The larger the value of circuit resistance, the more rapidly the oscilla¬ 
tions will be damped out. A freely swinging pendulum will have its 
oscillations damped out with time (like right view of Fig. 1). In a 
clock the pendulum is kept swinging with a uniform stroke by adding 
enough mechanical energy to each stroke to supply the losses due to 
friction and windage. In a similar manner, the LC circuit of Fig. 1 
may be made to continue oscillations of uniform magnitude by adding 
the necessary electrical impulse at each swing. The LC circuit having 
a high Q has a natural period or frequency fr which is determined by 
the equation, 

fr = - ^7= (equation 3, Chapter V) 

2tVLC 

and the magnitude of this frequency can be controlled through changes 
of L and C. 

Electronic oscillators may be classified on the basis of (1) wave 
form produced, or (2) the principle employed for excitation. The 
output wave form may be sinusoidal or nonsinusoidal, and the excita¬ 
tion may be self-generated or external. The four common methods of 
excitation or control which constitute a basis for oscillator classifica¬ 
tion are: (a) feedback, (6) negative resistance, (c) mechanical, (d) 
relaxation. 

The vacuum-tube oscillator is employed for the generation of alter¬ 
nating current at frequencies beyond the range of the rotary type of 
alternator. Rotating alternators operate efficiently and deliver large 
amounts of energy at 60 cycles, but their principle of operation limits 
design to a few thousand cycles at reduced output capacities* The 
vacuum-tube oscillator does not have such power and frequency limi- 
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tations but is capable of outputs ranging from a few microwatts to 
over a million watts at frequencies from a few cycles per second to 
thousands of megacycles. 

Feedback Oscillators. A feedback oscillator is a self-excited ampli¬ 
fier. In the preceding chapter it was suggested how positive or regen¬ 
erative feedback could be employed to cause an amplifier to produce 
sustained oscillations. Such feedback may be effected by magnetic 
(transformer) coupling, electric field (capacitive) coupling, or a direct 
voltage coupling between the plate and the grid circuits. All these 
methods are employed in practice and are illustrated in the circuits 



Fig. 2. Simple feedback oscillator circuit. 


of Figs. 2 and 3. A simple circuit illustrating magnetic coupling is 
given in Fig. 2. In this circuit the feedback or “tickler^^ coil L 2 in the 
plate output is coupled inductively to coil Lx of the tuned LxCx circuit, 
which, in turn, establishes the signal voltage applied to the grid. 
When the switch S in the plate circuit is closed, current flows in the 
cathode-plate circuit through L 2 . The rising flux in L 2 threads coil 
Lx inducing a voltage which charges Ci. When the plate current 
reaches its normal value, the energy in the magnetic field of Li over¬ 
runs, charging Ci to a higher potential. After reaching a peak level, 
Cl discharges into Lx and the LxCi tuned circuit oscillates at a fre¬ 
quency determined by its resonant frequency. The oscillating grid 
signal causes the plate current to oscillate, which, in turn, feeds back 
enough energy to overcome the losses in the LiCi tuned circuit. Thus 
the entire circuit of Fig. 2 becomes a self-excited amplifier. 

The conditions necessary for sustained oscillations in a self-excited 
vacuum-tube oscillator are: 

1. The feedback voltage from the plate circuit to the grid must 
have a phase reversal of 180 degrees. 

2. The power fed back must be sufficient to supply the losses in the 
grid input. 
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3. A tuned (LC) or other frequency selective circuit must be used to, 
establish an oscillating frequency. 

Grid bias for an oscillator may be obtained from a fixed source if 
Class A or Class B operation is employed. However, the need for high 
efficiency requires the use of Class C operation with a bias approxi¬ 
mating two times cutoff value. Under this condition plate current can¬ 
not flow and oscillations will never start unless the bias is reduced 
momentarily. Accordingly, an RC biasing circuit or component is 
standard on many oscillators. This RC component performs two im¬ 
portant functions. First, it serves to start oscillations, and, second, 
it aids in maintaining stability in the amplitude of the oscillations 
produced in the plate circuit. When switch S in Fig. 3a is closed, a 
surge of plate current flows since the grid initially is at approximately 
zero potential. The rise of plate current induces a voltage in coil Li, 
which tends to make the grid potential move in the positive direction. 
With the rise in plate current more electrons arrive at the grid, 
which tends to increase the grid bias. At the same time the voltage 
across L starts oscillations in the LC tuned circuit at its resonant 
frequency. These oscillations vary the potential between the grid and 
the cathode, which, in turn, vary the plate current. These variations 
in plate current feed energy back through the coupling into the grid 
circuit. The first oscillation will be small in magnitude, but succeed¬ 
ing oscillations will increase rapidly in magnitude until the energy 
generated in the plate circuit equals the losses in the plate circuit, 
grid circuit, and the output circuit. The grid circuit is nonconducting 
on the negative half-cycle of operation, and the condenser dis¬ 
charges slowly through Rg, With suitable values of Rg and Cg this 
combination will maintain a satisfactory minimum negative potential. 
Thus, if for any reason the amplitude of plate current swings rises, 
the potential across capacitor Cg rises and a more negative grid results, 
whereas, if the amplitude of the plate current swings decreases, the 
grid tends to become less negative and permits more plate current to 
pass. In this manner the action of the RgCg component promotes 
stability in the amplitude of plate output. In passing it should be 
noted that, if the magnitude of the time constant of the RgCg com¬ 
ponent should be too large, the discharge of Cg through Rg might be¬ 
come too slow so that the negative grid might stop oscillations momen¬ 
tarily. This condition would cause an intermittent instead of a steady 
operation of the oscillator. 

All circuits using the grid leak RC combination are theoretically 
self-starting. However, it is possible that under certain circuit con- 
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ditions oscillations will not start. If this happens, the bias will remain 
near zero and the tube will draw a large current from the B-\- supply 



(e) Electron-coupled (d) Tuned plate-tuned grid 

Fia. 3. Tuned-oscillator circuits. 


and is likely to overheat. For protection against this contingency, a 
portion of the bias may be obtained from a cathode resistor or from a 
fixed source. The values of grid leak and grid capacitor are not criti- 
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cal. In practice, the magnitude of the resistor should be adjusted to 
provide the proper bias for maximum output. In Fig. 2, Ci is a by¬ 
pass condenser and the radio-frequency choke Rfc has a high re¬ 
actance to the operating frequency, thus serving as a filter to prevent 
the a-c output current from flowing through the power supply. 

The operating frequency and the stability of that frequency for a 
self-excited oscillator is determined primarily by the tuned LC circuit. 
The resonant frequency for an ideal parallel LC circuit is 

~ 2irVLC 

In the physical circuit of an oscillator the coil L contains some ohmic 
resistance, and, in addition, the impedance of the output load is re¬ 
flected into L so as to raise the effective resistance and reactance in the 
LC loop (Fig. 3a). The result of such effective resistance is to cause 
the circuit to oscillate at a frequency differing from the resonant fre¬ 
quency fr given in the preceding formula. The manner of this fre¬ 
quency variation will be discussed in an analysis given later in this 
chapter. It follows that changes in temperature of coil L and changes 
in load impedance will change the effective resistance in the LC cir¬ 
cuit, and thus vary the operating frequency and frequency stability 
of an oscillator. Variations in frequency can be reduced to small 
values by using coils having a high Q and by using a high ratio of C 
to L. 

Sinusoidal output from a self-excited oscillator will exist if suflS- 
cient energy is stored during the interval of plate current flow to 
supply the load until the next plate current pulse. The storehouse or 
“tank” for this energy is the tuned circuit. An excellent mechanical 
analogy to the tank circuit is the 4-cycle gasoline engine. During the 
combustion stroke of the piston kinetic energy is stored in the rotating 
flywheel. For the next three strokes (exhaust, intake, and compres¬ 
sion), the flywheel must supply all the losses of the engine and the 
load. As kinetic energy is lost, the angular velocity of the flywheel 
decreases. Hence, the speed between explosions is not constant, and 
the greater the load for a given flywheel, the more pronounced will 
be the variation. In the vacuum-tube circuit the function of the 
flywheel is performed by the tuned tank which causes the current to 
oscillate, flowing to the condenser on one half of the cycle and to the 
inductance on the succeeding half-cycle. It should be noted that the 
tank current is a true alternating current and generally is many times 
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the xne,gnitude of the d-c plate current. This is an important con¬ 
sideration in selecting the circuit components since, with tubes of small 
capacity, tank currents-of several amperes may flow. A larger capaci¬ 
tor and a smaller inductance increase the circulating current, and act 
in the same way as increasing the inertia of the flywheel. High C to 
L ratio maintains a more nearly constant rate of oscillation between 
plate current pulses and results in lower harmonic distortion. It 
has been found that for stable operation the ratio of energy stored to 
energy lost per cycle should be not less than 2, and the circulating 
volt-amperes should be at least 4^ times the power output.* These 
conditions are met when the effective Q of the tank is 47r or greater. 
Q can be readily adjusted by changing the load coupling. 

Frequency stability of an oscillator circuit may be defined as the per 
cent variation of frequency output from the mean frequency arising 
from fluctuations in circuit parameters, supply voltages, and other 
factors. 

The frequency stability which can be obtained with an LC resonant 
circuit varies approximately from 0.001 per cent to 0.01 per cent per 
degree C. Vibration, temperature, and humidity have the greatest 
effect on frequency stability but may be neutralized by proper con¬ 
struction of the coil and condenser. Temperature effects in the coil 
may be corrected by selecting a condenser having an equal and oppo¬ 
site temperature coefficient. Plate and filament voltages also influence 
frequency unless their effects are balanced by a '^stabilized'’ circuit. 
If frequency stability is important the design of a self-excited oscil¬ 
lator should provide: 

(a) High Q, a high ratio of C to L, and very light loading. 

(b) Rugged construction to eliminate vibration of parts and wiring. 

(c) Temperature compensation. 

(d) Humidity protection. 

(e) Regulated plate and filament voltages or some form of stabili¬ 
zation. 

Under favorable conditions the over-all frequency stability may be 
in the order of 0.005 to 0.01 per cent. 

There are numerous oscillator circuits that employ a combination 
of the RC grid leak and the tuned LC components. Five i^seful combi¬ 
nations are illustrated in Fig. 3. Part a is a tuned-plate circuit which 
will be analyzed in some detail subsequently. A widely used circuit, 
known as the Hartley, is given in Fig. 36. In this circuit excitation is 

^Glasgow, Principles of Radio Engineering, McGraw-Hill, p. 272. 
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adjusted by moving the cathode tap on the tank coil. Normally about 
one-third of the total turns are required for the grid section. This 
circuit has the minimum of component parts, and the frequency can 
be adjusted easily without much effect on the grid excitation. 

In the Colpitts circuit, Fig. 3c, the cathode tap is made in the ca¬ 
pacitive branch of the tuned circuit. Capacitors Ci and C 2 are ad¬ 
justed to provide the proper grid voltage and at the same time to give 
the desired operating frequency. This circuit may be somewhat more 
difiicult to adjust than the Hartley since the two variable condensers 
must be controlled together when frequency is changed. The Colpitts 
circuit is preferable for high-frequencies since the grid voltage leads 
the plate voltage by an amount which tends to correct for electron 
transit time. In other respects, the Colpitts circuit is similar to the 
Hartley. 

An oscillator using tuned LC circuits for both the plate and the 
grid is illustrated in Fig. 3d. Feedback voltage is obtained through 
the grid-plate capacitance of the tube, or, if this is insuflScient, through 
a small external capacitor. The operation of this circuit is as fol¬ 
lows. If the plate load consists of an inductance whose reactance is 
small compared to r^, the plate voltage will lead the current by 90 de¬ 
grees, and hence will lag the grid voltage eg by 90 degrees instead of 
180 degrees (Fig. 3d, lower). Also, this voltage considered across Cgp 
and Rff in series causes a current igp which leads Cp because of the 
capacity reactance. From this vector diagram it is apparent that igp 
has a component in phase with eg >vhich will add to any signal current. 
In the case of the tuned plate-timed grid oscillator, Rg represents the 
effective resistance of the grid tank and input capacitance of the tube 
when this circuit is tuned to the exact operating frequency. Load L 
is the effective impedance of the plate tank, which must be adjusted 
to appear as an inductive reactance at the operating frequency. This 
factor is important because regenerative feedback cannot exist unless 
the plate load is inductive. In practice, L must also contain a resistive 
component to represent the loiises in the plate circuit and the load. 
The operating frequency of thhs type of oscillator is determined pri¬ 
marily by the grid tank, although the plate circuit must be adjusted 
also within fairly close limits. Tubes having extremely low grid-to- 
plate capacity, such as those with screen grids, will not oscillate in this 
circuit unless a small external capacitor is connected between the 
plate and the grid. 

An electron-coupled oscillator circuit is illustrated in Fig. 3e. This 
circuit uses a screen grid or pentode connected so that its cathode, con- 
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trol grid, and screen grid act as an oscillator similar to the Hartley 
circuit of part b, while the plate circuit of the tetrode serves in the 
capacity of an amplifier. The coupling between the two circuits and 
the two functions is the electron stream within the tube, and hence 
the term electron-coupled oscillator. Since the screen grid is held at 
rf ground potential and also serves as a shield between the two cir¬ 
cuits, this oscillator is very stable because load variations have little 
effect on the frequency. Another factor which aids the stability of the 
electron-coupled oscillator is that an increase in d-c screen voltage 
will decrease the frequency, while an increase of d-c plate voltage will 
increase the frequency. Accordingly, variations in the power supply 
voltage have little effect on the frequency of oscillation. 

Two types of power-supply feed to the oscillator, series and shunt, 
are illustrated in Fig. 3. For the Hartley and Colpitts circuits the 
power supply is in ^^shunt” with cathode-plate circuit of the tube and 
in shunt with the tank and the grid circuits. This arrangement plus 
the use of the coupling capacitor Cp serves to isolate the high-voltage 
d-c potential from the grid and the tank circuits. The capacitor Cp 
must be large enough to carry the a-c plate output. The choke Rfc in 
the B+ lead of the power supply must have a high value of reactance 
at the operating frequency since it is effectively in parallel with the 
L of the tank circuit. Series feed of the power supply to the oscillator 
is illustrated in parts a, d, and e of Fig. 3 where the plate current from 

the power supply flows through some 
portions of the feedback or tank circuit. 

Analysis of a Tuned-Plate Oscilla¬ 
tor, An analysis of the operation of 
an oscillator circuit may be made by 
the methods employed on amplifiers 
in the preceding chapters. The tuned- 
plate circuit of Fig. 3a may be re¬ 
duced to the equivalent circuit of Fig. 
4, and Class A operation with zero 
grid current will be assumed for the 
purpose of the study though it should be understood that Class C 
operation is frequently involved in tuned-plate circuits. 

An analysis may begin with the equation for the gain of an ampli¬ 
fier as developed for the equivalent circuit. 



Gam = — -- 

Eg 


Tp + Zl, 


(equation 7, Chapter VI) 
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In order to sustain oscillations in the tuned-plate oscillator the feed¬ 
back voltage Efh of Fig. 4 must be equal to Eg in magnitude and phase. 
Thus the ratio 


Ep Ep jxZi, — 1 

Efh Eg Tp + Zj, Tp + Zl 

liZi, 

Again, from Fig. 4, it follows that * 


~1 

1 1 
—~—I— 
gmJ^L M 


for sustained 
(oscillation) 


and 


Ep — (72 + jo)L)Ii, R + jooL 

Efh jiaMIjj jo)M 


1 


(72 + jcoL) 

7coC 



( 1 ) 


( 2 ) 

(3) 


The substitution of the expressions of equations 2 and 3 into equation 1 
gives 

72 4“ jojZ/ 1 


from which 



gm(E + Ja)L) — 
JOfC 


(-+440 



72 

JMf)C 



(4) 


If equation 4 holds true, both the real and imaginary components must 
be equal to zero. Equating these components to zero and solving the 
resulting equations gives some useful expressions covering the criteria 
for sustained oscillations. 




(C) 


1 

9m 



R 

fJUi^ 


= 0 


(G) 


♦For a more complete treatment of this subject the reader is referred to 
Applied Electronics, M.I.T. Electrical Engineering Staff, John Wiley &, Sons, pp. 
699-608, from which this treatment has been taken with permission. 
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From (5) 


R uRC 

M L fiM -L 


( 7 ) 


Equation 7 shows the value of the transconductance of the tube 
necessary for sustained oscillations for specified values of fx, R, C, L, 
and M, From equation 6 



Since for the parallel resonant circuit, equation 8 reduces to 



Equation 9 shows that the frequency of oscillation is slightly higher 
than the resonant frequency of the tuned-plate load. However, for 
toils with a high Q, the resistance R of the tuned-plate circuit is low, and 
hence the frequency of oscillation approaches closely the frequency of 
the tuned circuit. 

A substitution of equation 7 into equation 9 gives 


1 / R R^C \ 1 n + R^C\ 

LCV^J’,iM-l) ~ LC\^M - l) 


which shows how the frequency of oscillation is controlled by the 
constants of the tuned-plate circuit. 

Crystal-Controlled Oscillators. The frequency of oscillations gen¬ 
erated by the tickler coil, Hartley, and Colpitts oscillator circuits is 
affected considerably by changes in load, supply voltages, and tempera¬ 
ture. Although the variation in frequency is small in electron-coupled 
oscillators, it is sufficient to be objectionable in broadcast transmitters, 
telephone carrier systems, and similar applications. Where a pre¬ 
cision control of the frequency is necessary, crystal-controlled oscil¬ 
lator circuits are employed. 

Certain crystalline substances, such as quartz, Rochelle salts, and 
tourmaline, exhibit mechanical and electrical properties known as the 
piezoelectric effect. Thus, if a mechanical force is applied to one of 
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these substances, a voltage is developed. Conversely, if a thin slab 
of the substance is connected to a source of alternating voltage, it 
changes its physical shape and produces mechanical vibrations. Thin 
slabs cut from quartz crystals for use in crystal oscillator circuits are 
called crystals. When such a crystal is vibrating at its resonant fre¬ 
quency, it requires only a small mechanical force of the same fre¬ 
quency to obtain vibrations of a large amplitude. The mechanical 
resonant frequency of a crystal depends chiefly on its thickness. When 
the frequency of an alternating voltage applied to a crystal is the 
same as its resonant (mechanical) frequency the crystal will vibrate, 
and only a small voltage is necessary to keep it vibrating. In a similar 
manner, a crystal set in mechanical vibration will generate a relatively 
large voltage id its resonant frequency. If this crystal is placed be¬ 
tween the grid and the cathode of a vacuum tube and a small amount 
of energy is taken from the plate circuit and applied to the crystal to 
keep it vibrating, the circuit will act as an oscillator. The natural 
frequency of a crystal is critical (and precise). Thus if the constants 
of the oscillator circuits are properly adjusted, the crystal will assure 
a precise frequency output. 

Research and application have developed the art of producing and 
applying quartz crystals in many electronic circuits. If a quartz 
(mother) crystal is cut parallel to one face of the crystal, the result¬ 
ing slab is said to be Y-cut and its frequency will be about 2 X 10® 
cycles per millimeter of thickness. Frequency will increase with tem¬ 
perature at the rate of 25 to 100 parts per million per degree C. X-cut 
crystals (cut perpendicularly to a face) are slightly thicker for the 
same frequency and have a negative temperature coefficient of 10 to 
25 parts per million per degree C. Other cuts can be made to give 
zero temperature coefficients, such as AT and CT crystals, which vi¬ 
brate in shear. The latter are oriented so that their frequency is de¬ 
termined by the large dimension of the plate and are desirable, there¬ 
fore, for lower frequencies.* 

Crystals are usually mounted between two flat metal plates (Fig. 5) 
although sometimes the electrodes are plated directly on the quartz. 
From the equivalent circuit of Fig. 5b it can be seen that the crystal 
acts like a resonant LC circuit and can be used in place of the grid 
tank in a tuned plate-tuned grid oscillator, as in Fig. 6. Excessive 

*S. C. Hight, and G. W. Willard, "A Simplified Circuit for Frequency Sub¬ 
standards Employing a New Type of Low-Frequency Zero-Temperature-Co¬ 
efficient Quartz Crystal,” Proceedings LR,E., Vol. 25, p. 549, May 1937. 
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feedback must be avoided to prevent the mechanical vibrations from 
fracturing the crystal. 

The equivalent Q of a good crystal is extremely high, reaching in 
some cases a value of 500,000. Thus the over-all frequency variation 
in a crystal oscillator may be made less than 1 part in a million. 
Quartz crystals can be produced to operate at frequencies as low as 
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5000 cycles though the usual range is 50 kilocycles to 50 megacycles. 
They are widely used to control the frequency of radio transmitters, of 
frequency standards, and of the oscillator in superheterodyne receiv¬ 
ers designed to operate on fixed frequencies. The resonant properties 
and extremely high Q of quartz crystals may also be used as elements 
in filter circuits designed to pass or reject a very narrow band of 
frequencies. Such filters have proved useful in wave analyzers and 



Output 


Fig. 6 . Crystal oscillator circuit. 


in communication receivers where it is desired to eliminate interference 
from other stations or nearby channels. Crystal filters are widely 
used in carrier telephone circuits. 

RC Oscillators. The oscillators that have been considered have 
utilized resonance in some form, either in LC tuned circuit or through 
the piezoelectric properties of quartz. Another group of feedback 
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oscillators uses capacitors and resistors as the coupling element and 
operates by virtue of the phase shift produced by RC circuits. An 
amplifier circuit having its output connected back to the input will 
generate continuous oscillations provided that the gain around the 
loop is greater than one and the proper phase relations are maintained. 
The output voltage of an iZC-coupled amplifier having an even number 



3i 

Fig. 7. RC phase-shift circuits for oscillators. 


of stages will be in the same phase as the input. Hence, if a portion 
of the output is fed directly back to the input, oscillation will take 
place. The frequency of this oscillation will be that at which the 
gain of the circuit is the maximum. Some means must be provided 
to control the amplitude of oscillations so that the tubes will not oper¬ 
ate beyond the linear portion of their characteristics. If this is not 
done, the amplitude will increase to the point where grid current flows 
and the output will be greatly distorted. (See multivibrators, page 
216.) 

A single amplifier stage may be made to oscillate by providing an 
RC coupling having 180 degrees of phase shift between the plate 
and the grid. When a resistor and capacitor are connected in series 
across a voltage, the resulting current and potential drop across the 
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resistor will lead the impressed voltage. Two such networks could 
provide the maximum shift of 180 degrees but the attenuation would 
be infinite. A practical circuit, Fig. 7a, uses three sections, each with 
a phase shift of approximately 60 degrees and an over-all attenuation 
of 29 decibels.* Such values are quite satisfactory because it is not 
difficult to select an amplifier tube that will provide this gain. More 
RC sections may be used if desired, resulting in a reduction of the 
minimum required gain as shown in part b. The network may also be 
arranged to have the resistances in series and the capacities in shunt 
part c. This arrangement requires less gain but cannot be used as 



f = 1000(Approx) 
Cr 0.005 m/ 

C2= 0.01m/ 
Ri=5600 
R2^39K 
K *1000 ohms 


conveniently since it does not provide a return circuit for the electrons 
striking the grid. The frequency of these oscillators depends on the 
RC ratio and may be shifted by varying either the resistance or 
capacity. If a wide frequency range is to be covered, two or more of 
the circuit elements may be made variable and ganged together. 
Since frequency varies inversely with R and C (/ = K/RC), a range 
of ten to one can be easily covered. In contrast with this flexibility, 
the resonant frequency in an LC tuned circuit is / = K/yJLC and a 
variation of ten to one in the values of L and C will produce a net 
chapge in frequency of the square root of ten or three approximately. 
The top limit of frequency is governed by the effective interelectrode 
capacity of the tube but may be as high as 500 kc.f Distortion in 
-the RC feedback circuit is low, being 0.1 per cent in a typical circuit. 
Other circuits, such as the parallel T of Fig. 8, have the required 
characteristics and make satisfactory RC oscillators. 

♦‘Thase-Shift Oscillators,” E. L. Ginzton, and L. M. Hollingsworth, Proceed-- 
ings LRR., Vol. 29, p. 43, February 1941. 

t ‘‘Extending the Frequency Range of the Phase-Shift Oscillator,” Rodney W. 
Johnson, Proceedings Vol. 33, p. 697, September 1945. 
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Power Oscillators. The power output required from vacuum-tube 
oscillators depends upon the application. For the majority of appli¬ 
cations the oscillator is used merely as a source of a high-frequency 
signal which is fed into an amplifier where the required power is de¬ 
veloped, For such uses a power output from the oscillator of a frac¬ 
tion of 1 watt to 5 watts is ample. This low power output is desirable 
because larger loads tend to affect the stability and frequency of the 
Hartley, Colpitts, and similar circuits. The electron-coupled circuit, 
however, does provide moderate power output with good stability. 
There are a few applications, such as diathermy and high-frequency 
heating, where stability of frequency is imimportant but where a large 



Fig. 9. Coupling circuits for rf heating. 


power output is needed. For such applications, circuits of the Colpitts, 
Hartley, or other types may be used with w^ater- or air-cooled tubes 
and circuit components of high voltage and current capacity so that 
a power output of 1 to many kilowatts may be attained. Two types of 
load circuits are used for high-frequency heating as shown in Fig. 9. 
For dielectric heating, part a, the object to be heated is placed between 
two plates Pi and and serves as the dielectric in the condenser 
formed by these plates. High radio-frequency voltage is applied to 
the condenser, and heat is generated because of the leakage and other 
losses in the dielectric. When used for diathermy treatments elec¬ 
trodes Pi and P 2 are in the form of insulated pads containing a con¬ 
ductive plate or screen. These pads are placed on either side of the 
portion of the body to be heated. Inductive heating makes use of a 
coil L 2 which may consist of several turns of an insulated conductor 
wrapped around the object to be heated. High current rather than 
high voltage is required here. A coil Li couples the load to the tank 
circuit of the oscillator. The load circuit is tuned by the variable 
capacitor Ci in order that maximum power transfer may be obtained. 

If power greater than that obtainable from a single tube is required, 
two or more tubes may be used connected either in a push-pull pr in a 
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parallel circuit. Push-pull circuits are-preferred, especially if the 
operating frequency is high, because the effective capacitances of the 
tubes are in series across the tank rather than in parallel and thus 
permit a more favorable ratio of C to L. Tubes for this type of serv¬ 
ice may be obtained in sizes ranging from those having a rated dissi¬ 
pation of only a few watts to those with water-cooled plates which 
can dissipate 100 kilowatts or more. A typical tube used in dia¬ 
thermy machines is pictured on page 71. This tube has a rated plate 
dissipation of 125 watts and is normally operated with a plate volt¬ 
age of 1500 volts and a current of 200 milliamperes. Two of these 
tubes in a push-pull or parallel circuit will deliver over 400 watts of 
power at frequencies up to 30 megacycles. A much larger tube for use 
in radio-frequency heating machines is pictured on page 75. This 
tube is designed for forced-air cooling and is similar to water-cooled 
tubes except for the heavy copper fins which cool the plate. Normal 
plate voltage is 18,000 and with a current of 3.6 amperes the output 
will be about 50 kilowatts. Power to heat the filaments is usually 
obtained from a step-down transformer. The smaller tube requires 
only 3.25 amperes at 10 volts, whereas the larger one employs 61 
amperes at 10 volts. Plate voltage is usually supplied from a rectifier 
system (see Chapter XIV) although sometimes the rectifier is omitted 
and alternating voltage is used directly from a step-up transformer. 
Such operation is not recommended because plate current can flow 
only when the supply voltage is positive and because such operation 
causes a large amount of hum modulation. Efficiency and power 
output are consequently lower, and the spurious signals generated may 
interfere with other services. 

In the operation of oscillators, it may happen that a part of the cir¬ 
cuit will oscillate at one or more frequencies in addition to the desired 
frequency. Such spurious frequencies are due to parasitic oscillations. 
Parasitic oscillations arise from resonant conditions which may exist 
in the components of the amplifier and oscillator circuits. These con¬ 
ditions are generally due to the combinations of interelectrode capac¬ 
ities with other components of the circuit. Two or more power tubes 
in parallel increase the likelihood of parasitic oscillations because more 
components and more interelectrode capacities are involved. Para¬ 
sitic oscillations are less likely to occur in screen grid and pentodes be¬ 
cause of the more effective isolation of grid, cathode, and plate. 

Oscillations in a power oscillator may be blocked under certain 
unfavorable conditions. Blocking is caused by secondary emission 
from the grid which results in a reversal of electron flow and a reversal 
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or polarity in the grid-bias circuit. Thus the grid is driven posi¬ 
tively, and a large plate current will result which will soon destroy the 
tube. . Blocking may be caused by a combination of high plate-load 
resistance, high grid-leak resistance, and excessive feedback signal. 
Most modern tubes are so constructed and the grids so treated that 
secondary emission is restrained and blocking is unlikely except in 
very high voltage operation. 

Negative Resistance Oscillators. A negative resistance oscillator is 
one in which oscillations are sustained through negative resistance in 
connection with an LO tank circuit. Oscillations once started in a 




Fig. 10. Bynatron oscillator circuit and characteristic. 

resonant LC circuit containing zero resistance would continue indefi¬ 
nitely. Although zero resistance cannot be realized within the LC 
closed circuit, it is feasible to associate a negative resistance external 
to the LC circuit. Negative resistance characteristics are found in the 
operation of multielectrode tubes such as the tetrode and pentode. 

A negative resistance oscillator circuit employing a screen-grid 
tube and known as a dynatron oscillator is shown in Fig. 10. The 
plate current-plate voltage curves of this figure show the negative 
resistance (dynatron) region in which the circuit must function. In 
order to sustain oscillations the negative resistance (Ae6/Aii,) should 
be greater than the resistive component of parallel impedance of the 
LC tank circuit at the resonant frequency. 

A physical concept of the action of the dynatron may be obtained 
from Fig. 10. The number of primary electrons reaching the plate 
of the tube in the ^‘dynatron region^' is independent of the plate volt¬ 
age, but the number of secondary electrons emitted from the plate in¬ 
creases with the plate voltage. If the screen is more positive than the 
plate nearly all the secondary electrons will fiow to the screen, thence 
through a portion of the battery S, L of tank, and back to plate. The 
potential from cathode to plate Cp is the battery B plus the drop across 
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the LC tuned circuit. As Cp swings from position a to 6 on the curve 
the electrons move through L in the direction shown by the arrow and 
they are decreasing in number, giving a negative resistance character¬ 
istic. The electron current is produced by battery S, and it serves to 
store energy in the capacitor of the LC circuit. When Cp tends to move 
to the right of position h owing to energy stored in L, the change to a 
positive resistance brings the current to a halt and the energy stored in 
C swings ep back to position a where the resistance again becomes posi¬ 
tive and arrests the swing. For these oscillations to be sustained, it is 
necessary for the negative resistance of the tube in the dynatron 




Fig. 11. Transitron circuit. 

region to be greater than the positive resistance oi the LC tuned 
circuit. 

Tubes in which the plate has received special treatment to prevent 
secondary emission will not serve for a dynatron oscillator, but a 
tube such as that shown on page 80 will serve satisfactorily. Oscil¬ 
lators operating on the dynatron principle are not well suited for large 
power output but have very stable frequency characteristics and make 
good frequency standards. 

Negative resistance also occurs in the screen-grid circuit of a 
pentode when its suppressor and screen grid are coupled together. If 
an LC tank circuit is connected to the screen as shown in Fig. 11, 
oscillation will result. This circuit is called the transitron or nega¬ 
tive-transconductance oscillator. It is more reliable than the dyna¬ 
tron because it does not depend on secondary emission but functions 
through the negative resistance of the ic 2~%2 characteristic. 

Mechanical Resonance for Oscillators. The operating frequency of 
an oscillator may be controlled by mechanical resonance instead of 
the resonance of an electrical circuit. One system for mechanical con¬ 
trol of the exciting frequency is illustrated in Fig. 12. Here the fre¬ 
quency is established by the natural period of vibration of a tuning 
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fork. The conversion of the mechanical resonance to an electrical, 
signal is performed in the microphone, transformer, and battery cir¬ 
cuit. Losses are supplied and vibration is maintained by the periodic 
impulses given by the electromagnet M. The precision of the fre¬ 
quency is determined by the characteristics of the tuning fork and the 
ambient temperature. 

At audio frequencies a tuning fork with an electrical pickup and 
driver will hold its frequency to within 0.05 per cent. Frequency mul¬ 
tiplying circuits may be used to provide multiples of the base fre- 



Fig. 12. Tuning-fork frequency gen- Fig. 13. Magnetostriction oscillator 
eration. circuit. 


quency of the tuning fork. This system of frequency generation has 
been employed in carrier telephone circuits. 

Another mechanical system of frequency generation employs the 
phenomenon of magnetostriction. Changes 4n magnetism in some 
metals produces an expansion or contraction of the metal. This prop¬ 
erty is utilized in the circuit of Fig. 13 where the coil on one end of a 
rod of magnetic material is connected in the plate circuit of a triode 
while a coil on the opposite end feeds the grid circuit. A change of 
current in the plate circuit produces a contraction or expansion of the 
rod at the right which sends a compression wave to the left. As this 
wave is propagated to the left it varies the magnetism in the rod and 
induces a voltage into the grid circuit. The resulting signal on the 
grid will produce a change in the plate circuit. If the electrical cir¬ 
cuits are tuned to the period of travel of the wave owing to magne¬ 
tostriction and if phase relations are correct, the circuit will oscillate. 
It is apparent that this oscillator represents a form of feedback, but 
it is not an inductive feedback (transformer action), a capacitive 
feedback, or a direct circuit feedback. The feedback arises from the 
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magnetostrictive property of metal. These oscillators operate at audio 
and supersonic frequencies and are constant to approximately 0.03 
per cent. 

In passing it should be noted that frequency generation in the 
crystal oscillator utilizes the period of mechanical resonance of the 
crystal though the piezoelectric property is a combination of mechani¬ 
cal and electrical properties. 

Nonsinusoidal Oscillators. For many applications wave forms are 
desired that are not sinusoidal. Such waves are usually rectangular 
or triangular with respect to the time axis. They are used for control 



Fig. 14. Multivibrator circuit. 


purposes where it is necessary to have a circuit turn on and off periodi¬ 
cally, for the time base in oscilloscopes, for the sweep circuits in tele¬ 
vision receivers, for pulse and marker circuits in radar systems, and 
for many other applications. In the circuits that generate oscillations 
of this type, the tube operates as an electronic Switch which opens 
and closes to control the current flow through a load resistance. Usu¬ 
ally the grid is driven far into the positive region so that the tube 
operates under Class C conditions, with the operating angle adjusted 
to give the required wave shape. 

The most common nonsinusoidal oscillator is the multivibrator which 
consists of a two-stage, UC-coupled amplifier whose output is fed di¬ 
rectly back to the input, as illustrated in Fig. 14. The frequency of 
oscillation is determined by the time constant of the coupling con¬ 
densers and grid resistors, and, if the time constants in the two grid 
circuits are equal, the wave will be symmetrical. An increase in volt¬ 
age at plate T1 causes grid T2 to swing toward the positive, which in¬ 
creases the current in r2. This rise of current lowers the plate volt¬ 
age of tube T2 and the grid voltage of ITl. The reduced grid potential 
of T1 causes the voltage at plate of tube T1 to rise even higher, and 
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the action proceeds until grid of T2 is driven positively and grid of T1 
negatively past cutoff. Grid of tube T1 will lose its negative charge 
at a rate determined by its RC circuit. As soon as tube T1 begins to 
draw plate current the action reverses very rapidly until grid of T1 
is driven positively and r2 is negative. The rate at which oscillation 
occurs is approximately l/(i2iCi + B 2 G 2 ) cycles per second. Plate 
current flows in rectangular pulses, first in one tube and then in the 
other. The multivibrator circuit may be adjusted for frequencies from 
less than 1 to 100,000 cycles per second. 



/*0.4/RC (Approx) 

Fia. 15. Potter oscillator circuit. 


Multivibrators are useful because their output contains harmonics 
up to several hundred times the fundamental frequency. Also, they 
are sensitive to synchronization since tlieir rate of oscillation may be 
readily increased by the application of a small triggering voltage. 
Under these conditions the multivibrator frequency will be the syn¬ 
chronizing frequency divided by an integer. When the integer is 
greater than unity, the circuit acts as a frequency divider. Stability 
decreases as the rate of division increases but is satisfactory up to 
ratios of ten or more. 

A circuit invented by J. L. Potter * uses a common cathode imped¬ 
ance Rtc in place of one of the grid-plate coupling condensers. Fig. 
15. Plate current in tube T2 is in the form of a sharp pulse and may be 
used to discharge a condenser C 2 and provide a sawtooth voltage, Cc 2 . 
Synchronization can be readily applied to grid of T1 since no other 
connections are necessary to this point. Another circuit for produc- 

♦ J. L. Potter, ‘^Sweep Circuit,” Proceedings Vol. 26, p. 713, June 1238. 
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ing sharp current pulses is the blocking oscillator shown in Fig. 16, 
which uses an iron-cored transformer connected for positive feedback. 
Increase in the plate current of the tube induces a voltage in the grid 
winding of the transformer which drives the grid far into the positive 
region; thus a large grid current is caused to flow and charge the 
coupling condenser. Plate current increases until the tube reaches 
saturation. At this point the large negative grid voltage which has 
been developed across Cg begins to fall as Cg discharges through Rg. 
Plate current cannot flow again until the charge on the capacitor leaks 



Fig. 10. Blocking oscillator circuit. 


off through the grid resistor. The duration of the plate-current pulses 
depends mainly upon the natural resonance of the feedback trans¬ 
former, whereas the rate at which these pulses occur is determined by 
the RC constant of the grid circuit. Blocking oscillators can be read¬ 
ily synchronized and may be used as frequency dividers. They may be 
followed by a discharge tube and condenser to provide a sawtooth 
wave form. Both the Potter and the blocking circuits are well suited 
to serve as the sweep oscillators in television receivers or to provide 
the time base for oscilloscopes. Blocking oscillators can also be used 
to advantage in radar equipment to establish the pulse repetition rate 
and to generate marker ^^pips.” 

Oscillators whose frequency is controlled by the charge or discharge 
of a condenser through a resistance are sometimes called '^relaxation 
oscillators.” One simple relaxation oscillator circuit is shown on page 
108. There are several other types of relaxation circuits which use 
screen-grid tubes or gas tubes (thyratrons). The latter is widely used 
in oscilloscopes and will be discussed in a later chapter. 






Chapter X 

MODULATION AND DETECTION 


Modulation and Carrier Currents* In the general sense the term 
modulation means to mold or form an electric current to conform to 
some variable. This concept is illustrated in Fig. 1 which shows one 
simple circuit (a) in which the dots and dashes of the Morse code are 
translated into rectangular pulses of current and voltage. In a simi¬ 
lar manner, sound waves impressed on a carbon granule type of micro- 



Fig. 1. Modulation in simple telegraph and telephone circuits. 


phone (telephone transmitter) will vary its resistance and produce a 
voltage output in the transformer of Fig. 16 which has a voltage ampli¬ 
tude and frequency characteristic that conforms to the sound signal. 
Suitable detecting or receiving instruments such as telegraph sounders 
or telephone receivers may be employed to translate the modulated 
voltage and current waves back into replicas of the original motion or 
sound. 

In a more specific sense modulation is defined as the process of 
producing a wave some characteristic of which varies as a function 
of the instantaneous value of another wave.* As applied in electronic 
circuits modulation is employed in connection Muth high-frequency 
currents known as carriers. The term carrier follows from the fact 


♦ I.R.E. Standards on Transmitters and Antennas, 1938. 
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that intelligence is transmitted by impressing signal currents upon a 
high-frequency current by some process of modulation. High fre¬ 
quencies are employed for carriers for two reasons. First alternating 
currents cannot be propagated satisfactorily or efficiently via radiated 
waves (radio) at lower frequencies. Thus a 60-cycle current may re¬ 
quire an antenna 60 miles long to secure much radiation. At fre¬ 
quencies above 15,000 cycles per 
second, alternating currents may 
be propagated through space more 
satisfactorily. The second reason 
for the use of high frequencies for 
carriers is the fact that a low- 
frequency signal may be impressed 
on a carrier (modulation) in a way 
to require a rather narrow per¬ 
centage band width of frequencies. 
Thus the utilization of different 
frequency bands provides multiple 
channels for transmission through 
space (radio) or several channels 
for telephone messages over a 
single pair of wires. 

The application of modulation 
to carrier currents is illustrated in 
Fig. 2. When a low-frequency 
signal such as b of Fig. 2 is im¬ 
pressed in some suitable manner 
on the high-frequency carrier of a, 
a modulated wave as suggested in 
parts c or d results. The simplest type of modulation of a carrier is 
produced by an opening or closing of the carrier circuit in conformation 
with the dots and dashes of the Morse code, as illustrated in part e 
of Fig. 2. Other types of modulation based on the information being 
transmitted are radio telephone, facsimile, and television. Radio 
telephony includes both speech and music. Facsimile is the trans¬ 
mission of still pictures, and television is the transmission of pictures 
at a rate sufficient to give the illusion of motion. 

Classes of Modulation. A sine wave of carrier current can be repre¬ 
sented by the equation 



Fig. 2. Carrier signal and modulated 
waves. 


f = A sin {2wft + 4>) 


(1) 
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where A represents the maximum value or amplitude, / the frequency 
of the periodic wave, and the phase angle with respect to some fixed 
reference. The form of the wave represented by equation 1 can be 
changed by introducing variations with time in the values of either 
Aj f, or </). Such variations give rise to three of the important forms or 
classes of modulation of carrier currents which are termed amplitude 
AM, frequency FM, phase PM moduhition. In each class the factor 
causing the variation is the a-c signal wave which is to be transmitted. 
Amplitude modulation is illustrated in parts c and e of Fig. 2, and 
frequency modulation and phase modulation is pictured in part d. 

One concept of the three classes of modulation may be obtained by 
reference to the operation of an a-c generator. First, if the rotating 
member of an alternator is driven at constant speed and the field 
current is varied with time, the amplitude of output voltage of the 
generator will follow the field changes but the frequency will remain 
constant. The resulting wave form corresponds to amplitude modu¬ 
lation. Second, if the speed of the alternator is varied with time and 
if simultaneously the field of the alternator is varied also in a man¬ 
ner to maintain a constant maximum voltage, then the resulting fre¬ 
quency of the output must vary though the amplitude of the waves is 
constant. This analogy represents frequency modulation. Third, if 
the speed and the field of an alternator is kept constant but if the 
stationary part of the alternator is movable so that it can be oscillated 
back and forth through a small angle, then the factor in equation 1 
may be changed. The resulting wave form of the alternator repre¬ 
sents phase modulation. 

A further concept of modulation may be obtained from Fig. 3. In 
part a, if the carrier vector Ic rotates at a uniform rate about point 
0, its projection on the vertical will generate the carrier wave shown 
at the right with the instantaneous value of the carrier current 

ic = Ic sin u)it (2) 

Now if a modulating signal current of value — Im sin 0 ) 2 ^ is im¬ 
pressed upon the rotating vector of part a, it wdll result in the action 
and wave depicted in part 6. Thus the length of the rotating vector 
will oscillate between the extreme positions of a and 6, and the pro¬ 
jection on the vertical will generate the amplitude modulation wave 
shown on the right. The instantaneous value of points in the modu¬ 
lation wave is 


i = (Jc + Im sin ( 02 O sin o>i< 


(3) 



i=(/c+/ji|Sm U2t) sin«;i 


( 6 ) 



Fig. 3. Generation of carrier and modulated waves. 

phase modulation produce changes “along” the time axis. Thus ampli¬ 
tude and frequency modulation act in quadrature in respect to the time 
axis. 

A further concept of phase modulation is given in Fig. 3c. The car¬ 
rier vector lo is caused to oscillate back and forth through some vary- 
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ing angle A<^ while it is in the process of rotation about point 0. The 
generating vector projected on the vertical and a time axis will look 
similar to the representation of frequency modulation. 

Nature of Modulation Signals. The term modulation factor for 
amplitude modulation shown in Fig. 36 is defined by the equation 


m = 


max ^ min 


f4) 


This equation represents the maximum change in amplitude divided 
by two times the average amplitude. In general, this is the ratio of 
the maximum value of the modulating signal to the maximum value 
of the carrier. The ratio m times 100 is called the per cent of modu¬ 
lation. 

In amplitude modulation the sinusoidal carrier current may be repre¬ 
sented by the expression 

ic = Ic sin 0 ) 1 ^ (5) 


If the carrier is modulated by a signal of value w, 

im = rnic sin ^ 2 ^ (6) 


the resulting modulated current will be 

i = Ic(l + m sin <*>20 sin (7) 

The expansion of this expression and substitution of equivalent trigono¬ 
metric terms for the sin tail sin 0 ) 2 ^ gives for the modulated current 


t == Ic sin coit + -r Ic cos (a>i — 0 ) 2)1 ^ "Z Ic cos (coi + (8) 

z z 

This expression shows that the amplitude-modulated carrier is made 
up of three components. One component is the original carrier, and 
the other two arise from the sum and difference frequencies of the car¬ 
rier and signal. For example, if the carrier is 100,000 cycles and the 
signal 10,000 cycles, the modulated carrier will contain components 
of the carrier—100,000 cycles, 100,000 -f 10,000 = 110,000 cycles, and 
100,000 — 10,000 = 90,000 cycles. The mm and difference frequency 
components are called the side bands. There are two side-band com¬ 
ponents for each frequency in the signal. Thus, if the signal contains 
a range of frequencies from 40 to 5000 (voice transmission), a large 
range of component sum and difference frequencies will exist in the 
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side bands. It is obvious that the intelligence must be transmitted by 
the side bands because the carrier component does not contain any im¬ 
print of the signal. 

For 100 per cent modulation (m = 1), it follows from equation 8 
that the side-band frequencies will have an amplitude one-half that 
of the carrier. If the carrier power in the output is considered as 100 
per cent, then the output power for each side band is {Ic/2)^R, or 25 
per cent of the carrier output where R is the resistance of the load. 
Thus the total output of the modulated carrier is 150 per cent of car¬ 
rier power and the carrier contributes two-thirds and each side band 



Fig. 4, Balanced modulator circuit to suppress carrier. 


one-sixth of the total output. Since the intelligence is contained in 
either side band, it is evident that a saving in power could be effected 
by suppressing the carrier and one side band. A method for suppress¬ 
ing the carrier is suggested in the simple balanced modulator circuit of 
Fig. 4. This is a push-pull circuit wherein the carrier input will be 
canceled in the primary of the output transformer. One side band 
can be removed by a filter. The suppression of the carrier and some¬ 
times one side band is used in transoceanic telephony and long distance 
telephone circuits. However, the carrier is not suppressed in radio 
broadcast systems because the necessary receiving equipment for this 
method of transmission requires a synchronized source of carrier sup¬ 
ply and hence is costly and complicated. 

With amplitude modulation the minimum value of the modulated 
current can never be less than zero; and the maximum value /max can¬ 
not exceed twice the unmodulated carrier value lo if a sinusoidal rela¬ 
tionship is maintained. However, with complex modulating signals 
having positive peaks higher than the negative, /max may exceed 2Io 
without introducing distortion and the modulation factor must then be 
redefined as follows: for positive modulation peaks 
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and for negative modulation peaks 



f9) 

( 10 ) 


The general form of the equation for the current modulated with 
frequency modulation is 

^ = Ic sin {(ait + B sin <a 2 t) (11) 

The solution of this equation involves Bessel functions and is beyond 
the scope of this textbook. It should be observed that the main sine 
function consists of the carrier variation tait plus a component which 



Fia. 5. Side band components of a frequency modulation wave. 

varies as the sine of the signal. The resultant change produces the 
deviation of frequency which constitutes frequency modulation. The 
resultant current consists of a carrier component plus side-band fre¬ 
quencies. However, these frequencies bear an entirely different rela¬ 
tionship to the modulation signal and the carrier. 

In amplitude modulation there are only two side bands, whereas in 
frequency modulation there are several, the number depending on the 
swing or variation of the carrier frequency from the normal value. 
A concept of the carrier and side bands is given in the frequency spec¬ 
trum shown in Fig. 5. The large number of side bands in FM means 
that a relatively wide band is required in the frequency spectrum for 
an FM channel. Since the amplitude of the modulated carrier remains 
constant, there is no change in power output during modulation. The 
side-band energy must be subtracted from the carrier. With ampli¬ 
tude modulation the per cent of modulation was defined as the per cent 
of deviation in carrier amplitude. In FM the per cent of modulation 
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is based on some arbitrary value of frequency deviation. For FM 
broadcasting service this deviation or variation of the carrier from its 
mean value has been set at ±75 kc. Per cent of frequency modulation 
is the actual frequency deviation divided by 75 kc times 100. The 
maximum deviation in the negative direction would swing the carrier 
from its normal value to zero. Similarly, a positive deviation might 
be enough to push the carrier frequency to several times its normal 
value. Practical*circuit limitations, however, dictate a deviation of 
only a few per cent of the carrier if severe distortion due to nonlinear¬ 
ity in the rf circuits is to be avoided. 

In amplitude modulation, the amplitude of the modulation signal is 
carried by the amplitude of the modulated carrier; the pitch or fre¬ 
quency of the signal is conveyed by the number of changes in amplitude 
per second. In FM, the amplitude of the modulation signal is carried 
by the per cent of frequency modulation; the pitch is conveyed by the 
number of frequency changes per second similarly to AM. In PM 
the amplitude of the modulation signal is carried by the degree of 
phase-angle change imposed upon the carrier; the pitch is conveyed 
as in AM and FM. In both FM and PM the varying factor is a sinus¬ 
oidal function and the resulting modulated wave suffers both a fre¬ 
quency and a phase-angle change. In practice, it is impossible to pro¬ 
duce one without the other being present. Thus the distinction be¬ 
tween FM and PM is more a matter of definition of terms than one of 
practical significance. However, there is a re al difference as far as the 
si de bands are concern ed., 

Modulation Methods and Circuits. Amplitude modulation may be 
produced by many different methods and circuits. The simplest and 

oldest method is by absorption. A vari¬ 
able resistor such as a carbon granule 
microphone may be placed in series with 
the antenna circuit as illustrated in Fig. 
6, where its varying resistance will con¬ 
trol or modulate the output carrier power. 
Absorption modulation was widely used 
in the early days of radio telephony but 
is without application today. The prin¬ 
ciple of modulation by rectification is 
illustrated in Fig. 7. Here the carrier 
and the modulation signal are fed in 
series into a diode with a tuned-circuit load impedance. With zero 
modulation signal the diode will rectify the positive loops of carrier 


UJ 


■))Ct 


•Carrier 


Sound 

input 


Fig. 6. Simple circuit for ab¬ 
sorption modulation. 
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current and all will have the same amplitudie. Added modulation 
signal variations will change the magnitude of the resultant cathode- 
plate voltage and produce plate-current rectified loops of varying am¬ 
plitude as shown on the right of Fig. 7. The current flowing in the 
tuned-plate circuit will have full waves with the negative loops sup¬ 
plied by the tuned-tank circuit. A transformer coupling applied to 
the tank circuit would supply a complete amplitude modulated wave 
for application to an amplifier. 



A crystal rectifier or diode (see Chapter XIII) can be substituted 
on high-frequency circuits in place of the vacuum diode of Fig. 7. 
This principle of modulation by rectification has the disadvantage 
that the modulated carrier is of low magnitude because amplification 
is not involved in the circuit employed. Accordingly, this principle 
finds little application in radio circuits but is employed in a modified 
form in telephone circuits where currents of small magnitudes are the 
rule. 

The most widely used circuit for amplitude modulation employs 
plate modulation, as illustrated in Fig. 8. Here the carrier is fed into 
the grid of a Class C amplifier while the modulation signal is fed into 
the plate circuit. The modulation signal in series with the plate-volt¬ 
age supply causes the resultant plate voltage to be ± Em sin o) 2 f, 
where Em is the maximum value of the signal voltage. The result of 
this plate-voltage variation is to cause the amplification of the circuit 
to vary along the ib-e*, dynamic characteristic of the tube as suggested 
in the right-hand view in Fig. 8. Since the dynamic characteristic is 
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nearly linear over a fairly wide range of operation, the output will be 
nearly linear and with a low degree of distortion. 

Plate modulation is possible because a Class C amplifier or oscil¬ 
lator acts like a pure resistance as far as the B+ supply is concerned. 
If the plate voltage is doubled, the current will be doubled likewise 
and the d-c power input to the stage will increase in the ratio of 4 to 1. 
If the circuit is properly adjusted, efficiency will remain constant and 
the power output will vary directly as the d-c input. Since the aver¬ 
age output for 100 per cent modulation must be one and one-half times 
the carrier value, it is necessary that the device causing modulation 




Fig. 8. Plate amplitude modulation using Class C amplifier. 

be able to supply 50 per cent as much power as the normal input to 
the Class C stage plus some power for losses in the modulating tube. 
This device is called the modulator since its function is to vary the 
plate voltage of the rf stage and thereby control the output. The 
modulator consists of a Class A or ABi or AB^ or push-pull Class B 
amplifier coupled to the Class C rf stage, as shown in Fig. 8. The 
modulator must be capable of passing the frequencies which are to be 
impressed upon the carrier. In a broadcast transmitter handling 
speech and music, the modulator must pass frequencies from about 40 
cycles per second to 15,000. In large transmitters where the carrier 
power is 50 kilowatts to the final rf amplifier, the modulator must be 
able to deliver 25 kilowatts of audio power. 

Amplitude modulation may originate in the grid circuit of an ampli¬ 
fier operated as Class A, B, or C. Class C operation is shown in Fig. 
9, where the modulation signal is impressed on the grid in series with 
the carrier. The modulating voltage serves to vary the grid bias and 
thus control the amplitude of the output plate current as shown. The 
current flow in the tuned-plate circuit will be full wave as depicted in 
the lower right view of the figure. 
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For grid modulation, the stage must be adjusted so that its output 
current varies linearly with change is bias. The amplifier acts like an 
underexcited Class C stage imder zero modulation and in true Class B 
fashion on modulation peaks. Eu remains constant, but when m = 1 
both the plate current and the efiBciency double; thus a peak power 
output of four times the carrier value is supplied. 



Grid modulation requires much lower audio power than plate modu¬ 
lation does with a resulting saving in size and cost of circuit compo¬ 
nents. Because of the low power requirements, it is practicable to use 
resistance coupling whenever high modulating frequencies are encoun¬ 
tered, as in television transmitters. These advantages are offset by 
the lower efiSciency (about 33 per cent) of the grid-modulated stage 
and by the added requirements placed on the rf driver. Over the modu¬ 
lation cycle the rf load presented by the grid varies, and, in order to 
maintain constant rf grid voltage, the driver must have low impedance. 
Usually a resistive load is connected across the grid circuit to consume 
most of the driver power. Circuit adjustment is somewhat diflScult 
since bias, audio grid voltage, rf drive, and plate load must all be right 
if low distortion and reasonable power output are to be obtained. 
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If a pentode is used as the rf amplifier, modulation may be accom¬ 
plished by applying the audio signal to the suppressor and the rf drive 
to the control grid. Operation is essentially the same as for a grid- 
modulated triode. 

Class B rf stages, when properly adjusted, may be used as “linear” 
amplifiers. Output current varies directly and linearly with rf input 



voltage so that a modulated signal impressed on the grid will be ampli¬ 
fied without distortion. Efficiency is about 33 per cent, and the driver 
must have low impedance as with grid modulation. One or more 
linear amplifiers may be used following a low-power plate or grid- 
modulated stage to provide greater output. 

A transmitter which is grid-modulated or which uses linear output 
stages is said to be “low-level modulated” since modulation occurs at 
a point where the rf power is relatively small. On the other hand, 
if modulation is at the plate of a Class C final amplifier, it is “high- 
level.” Because of the better over-all efficiency, inherently low distor¬ 
tion, and ease of adjustment, high-level modulation is usually prefer- 



MODULATION METHODS AND CIRCUITS 


231 


able. The most powerful broadcast transmitters, both medium and 
short-wave, use high-level modulation with carrier powers of 500,000 
watts or more. 

One form of grid modulation known as the Van der Bijl type uses a 
Class A amplifier circuit in which an rf carrier of low magnitude and 
an audio signal of larger magnitude are applied to the grid. This form 
of modulation has had wide application in carrier-current telephone 
communication. It requires a small amount of carrier and signal power 
and gives satisfactory operation where a small degree of modulation 
is necessary. The circuit and operation of this system is illustrated 
in Fig. 10. The nonlinear characteristic of the plate-current curve 
produces several components of modulation in the resulting output 
current. This output current 4 may be analyzed by the assumption 
(approximately true) that the grid-voltage plate-current curve is 
parabolic in form. Thus 

ih = K(Ei, + fxEc + fiCg)^ ( 12 ) 

- K[iE, + fxEcf + 2(5, + nEo)ne, + mVI (13) 

Assuming that the voice signal voltage is represented by A sin co 2 t and 
the carrier voltage by B sin the varying grid voltage becomes 

eg = A sin + B sin o)it (14) 

and 

eg^ == A^ sin^ o) 2 t + 2AB sin W 2 t sin a>i< + B^ sin^ coi^ (15) 

Substituting the trigonometric equivalents for sin^ a and sin a sin 
equation 15 may be transformed to 

1 A^ B^ 

eg = - (A^ + B^ -cos 2 a) 2 <-cos 2coi^ 

2 2 2 

+ AB cos {(t) 2 t — wiO — AB cos (co 2 < + (1C) 

A substitution of equations 14 and 16 in equation 13 and a collection of 
terms reduces to 

K ^ 

H = KiEi + nEc? + -|- (A2 + £2) 

-f- 2K.fjL{Ei) + fiEc)[A sin 0 ) 2 ^ 4“ B sin coif] 

- [A^ cos cos 2a>ifl 

2 

+ KfJL^AB[cQ8 (a>i — « 2 )^ — cos (wi + (J)2)t\ (17) 
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The analysis of this equation shows the following components of 
current: 

Line 1—direct cmrent. 

Line 2—amplified voice and carrier signals. 

Line 3—double frequency of voice and carrier. 

Line 4—^the sum and difference frequencies (side bands). 

The direct current of line 1 does not appear on the output side of the 
transformer in the plate circuit. The magnitude of the voice and 
carrier components of line 2 may be reduced by giving Eo a large nega¬ 



tive value. The double frequency components and, if desired, one side 
band may be removed by a filter. 

A later and common form of modulator circuit for telephone carrier 
systems is illustrated in Fig. 4. This balanced modulator circuit is of 
the ^^push-puH” type wherein the carrier is fed into the common input 
lead to the cathodes. This connection causes the carrier and the double 
frequencies to be suppressed in the output transformer so that only the 
signal frequency and the two side-band voltages appear in the output 
of the modulator. 

Amplitude modulation may be produced by introducing the modula¬ 
tion signal in the plate supply circuit for an oscillator tube as shown in 
Fig. 11. The output voltage of the plate circuit of an oscillator varies 
as the plate supply voltage; hence this system should give linear modu¬ 
lation. Unfortunately, the frequency produced by an oscillator tends 
to vary with the plate voltage, and thus this method of modulation 
gives some frequency as well as amplitude modulation. For this reason 
the plate-modulated oscillator circuit has limited application. 

Frequency modulation can be effected by changing the reactance of 
the tuned circuit which controls the frequency of a self-excited oscil¬ 
lator. Since the oscillator operates at the resonant frequency of its 
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LC tuned circuit, any device placed in parallel with the LC branch 
that varies the resultant value of either L or C will vary the frequency 
of the oscillations. The simplest device for frequency modulation by 
an audio signal is a condenser microphone. A condenser microphone 
consists of a thin sheet of light metal (Duralumin) stretched tightly a 
short distance from a parallel insulated metal plate. Sound waves fall¬ 
ing on the diaphragm cause it to vibrate and the resulting motion 
varies the capacitance between the diaphragm and the plate. If the 
diaphragm and plate are coupled to the LC tuned circuit of an oscil¬ 
lator, frequency modulation will result. A second method of varying 



Fia. 12. Circuit of reactance tube and oscillator for frequency modulation. 

the resultant reactance of an LC tuned circuit is through a reactance 
tube as illustrated in Fig. 12, The right half of the circuit is the 
'^tickler” coil oscillator described on page 198. The left half of the 
circuit constitutes a reactance tube component which is in parallel 
with the LC tuned circuit. Values of Cl and R1 are chosen so that 
the grid voltage across R1 is approximately 90 degrees out of phase 
with the plate voltage, and the tube therefore acts as a reactive load 
across the tuned circuit. This reactance is changed at the signal- 
frequency rate by the input signal at the control grid. In circuits 
where the frequency drift due to change in components must be kept 
at the minimum, it is customary to take advantage of push-pull cir¬ 
cuits and to exercise particular care in the construction of the com¬ 
ponent parts. A more elaborate system developed by Armstrong* 
for frequency modulation uses a crystal oscillator followed by a bal¬ 
anced amplitude modulator, a mixer for obtaining phase modulation, 
and a series of deviation multiplier stages. The development of spe¬ 
cial tubes such as the Phasitron and new circuits have increased the 
application of frequency modulation in radio broadcast service. 

E. H. Armstrong, ‘^A Method of Reducing Disturbances in Radio Signaling by 
a System of Frequency Modulation,” Proceedings LR.E,, Vol. 24, 1936. 
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Pulse Time Modulation. Pulse time modulation consists essentially 
in the transmission of signals by pulses of constant amplitude, the 
instantaneous amplitude of the signal being translated into a variation 
of time intervals of successive pulses while the rate of this variation 
corresponds to the instantaneous frequency of the signal. This form 
of modulation using short pulses of energy may be contrasted with 
amplitude and frequency modulation where a continuous but varying 
energy wave is employed. 

A concept of pulse time modulation may be obtained by assuming 
a signal frequency of 10,000 cycles which will divide a second into 
periods of ICO microseconds. Next, assume that a total period of 4 
microseconds is to be allotted for an individual pulse. This individual 
pulse will be of constant amplitude but may be shifted in position any¬ 
where along this 4-microsecond interval, or the duration of the pulse 
in this 4-microsecond interval may be varied in accordance with the 
amplitude of the signal. During the next 96 microseconds no energy 
is employed for the signal under consideration, but at the end of the 
period and successive ones a new pulse is produced. The transmitted 
pulses are picked up by a synchronized receiving device which has a 
persistence of acceptance (like man’s persistence of vision) and does 
not miss the long off-signal periods. 

Advantages of pulse time modulation are twofold. First, since the 
pulse signals are being transmitted for only a fraction of time, the 
signal-to-noise ratio is high. Second, for the example assumed above, 
the 96 microseconds of silent periods may be divided into 24 periods 
of 4 microseconds, each of which may be utilized for the transmission 
of another signal or message provided that the transmitting and re¬ 
ceiving equipment are properly synchronized. In practice, one of the 
25 channels of the preceding pulse time system is used for the synchro¬ 
nizing signal. In passing, it may be noted that the amplitude and the 
frequency of the signal control the variations of the pulse within its 
short cycle in a manner somewhat similar to frequency modulation. 

Detection Methods and Circuits. Detection or demodulation is the 
inverse process to modulation. Thus detection involves the extraction 
of the modulation signal from the modulated carrier. Most detection 
circuits utilize rectification and the unilateral characteristics of 
vacuum tubes and other nonlinear devices as the basis of operation. 
Detection methods for amplitude-modulated carriers are divided into 
two classes, linear and square law. In linear detection the current 
flows in one direction, falls to zero, and exists in pulses. In square 
law detection the current in the detecting element is unidirectional, 
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pulsating, and does not fall to zero. The simplept form of linear detec¬ 
tion is illustrated in the diode detector circuit of Fig. 13. Here a 
filter * consisting of a capacitor and resistor in parallel serves to de¬ 
tect the signal contained in a modulated carrier. The action of the RC 



Fia. 13. Typical circuit and components in diode detection. 


combination can be followed easily by a study of Fig. 14. First the 
unilateral characteristic of the diode will serve to cut off on all nega¬ 
tive voltage pulses (shown dotted in figure). Beginning with a low- 
voltage positive pulse on the left, the tube will conduct when the 
plate is at a higher potential than the cathode. The electron flow (up) 



Fig. 14. Rectified voltage across RC in diode detection. 


through R will cause the top terminal of the resistor to be at a higher 
(positive) potential, and the condenser C charges to this potential. 
When the impressed voltage reaches its first peak and starts to^ fall, 
the tube will cut off because the capacitor will hold its positive poten- 

* Filters are treated on pp. 347~-353. 
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tial for a time and cause the potential on the plate to be lower than 
on the cathode. While the impressed wave of voltage passes through 
the major part of the succeeding cycle (down to zero, negative maxi¬ 
mum, up to zero, etc.), the capacitor C discharges slowly through re¬ 
sistor R in accord with its time constant and the voltage across RC 
falls producing the first tooth in the saw-tooth voltage wave. When 
the next positive wave of impressed voltage causes the plate to have a 
higher voltage than the cathode, rectification takes place and the con¬ 
denser is charged again to a higher potential. As the process is fol¬ 
lowed it is evident that the potential across the RC detector combina¬ 
tion follows the jagged form shown in Fig. 14. This form is the en¬ 
velope of the modulated carrier which under amplitude modulation 
represents the original modulating signal. The changing form of the 
waves in the different parts of the detecting circuit is shown in Fig. 13. 

The detection efficiency of the diode detector is defined as the ratio 
of the voltage developed across the resistor to the voltage of the im¬ 
pressed modulated wave. High detection efficiency may be attained 
by keeping the value of R high with respect to internal resistance of 
the diode Vp. If R/Vp is of the order of 20 to 100, detection efficiency 
will lie in the range of 70 to 90 per cent.* Also, when the ratio of the 
a-c load impedance to d-c load resistance is equal to or greater than 
the modulation factor, distortion will be low. Since all diodes have 
some curvature near the beginning of their characteristics, it is 
preferable to work with rather large signal voltages. The time con¬ 
stant of J?C is very important. This constant should be large com¬ 
pared to the time of one cycle of the rf carrier in order to keep the 
steps in the output wave small. Yet the time constant must be small 
compared to the period of the highest modulation frequency so that the 
charge on C can decay rapidly enough to follow the downward swings 
in modulation. Typical values are 250,000 ohms for R and 100 to 250 
fiixf for C. 

In the simple RC diode detector circuit some unmodulated carrier 
may be present across R and the detected potential is a variable d-c 
voltage. It may be desired to amplify the detected signal, or use it in 
a manner where the carrier and d-c components are objectionable. To 
remove these components from the detected signal and to improve the 
characteristics of the detector, RC filters may be added to the simple 
circuit as shown in Fig. 15. To eliminate the carrier the R 2 C 2 combi¬ 
nation may be added, and to remove the d-c component the C^Rz com¬ 
ponent is desirable. 

♦Terman, Radio Engineers Handbook, McGraw-Hill, 1943, p. 654. 
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The simple diode detector circuit can be modified to give automatic 
volume control as shown in Fig. 16. The magnitude of the rectified 
current will be proportional to the volume of the incoming signal and 
the amplitude of the modulated 
voltage impressed. The electron 
current through R causes point X 
to be negative with respect to 
ground and the magnitude of this 
negative potential varies with the 
volume. This negative potential at 
X is used as the grid bias for an 
earlier amplifier stage after passing 
through the RoCo filter. The time 
constant of the filter RgCo is very 
long compared to the frequency of 
the audio signal and long compared 
to the normal changes of inflection 
of the human voice, but short with 
respect to the period of signal fading resulting from changes in the 
Heaviside layer. Thus the proper adjustment of an automatic volume 
control will vary the gain of a preceding stage in an amplifier to com¬ 
pensate for changes in incoming signal strength. 



Fig. 15. Improved RC detector cir¬ 
cuit to remove carrier and d-c com¬ 
ponent. 



Fig. 16. Automatic volume control circuit. 


Diode detectors are widely used because (1) the circuit is simple, 
(2) distortion is low, (3) large signals can be handled without over¬ 
load, and (4) the d-c component of the rectified signal can be used 
to provide automatic volume control. 
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The new silicon and germanium crystals described in Chapter XIII 
have rectifying properties similar to the diode, and they are now being 
employed rather generally as detectors in high- and ultra-high-fre¬ 
quency circuits. 

A grid-leak detector is approximately equivalent to a diode detector 
plus one stage of amplification. Its typical circuit is given in Fig. 17 
where cathode-grid rectification takes the place of cathode-plate recti¬ 
fication in the diode circuit. The RgCg component in the grid circuit 
has a rectified d-c component of the form of the modulating signal. 



Fia. 17. Grid-leak detector circuit. 



This voltage constitutes the grid signal voltage which controls the 
amplified output in the plate circuit. The LC ir type filter in the plate 
circuit by-passes the carrier frequencies and forces the low signal 
frequency into the transformer output circuit. 

The grid-leak detector has the advantage of high sensitivity, but the 
amount of distortion generated at high modulation levels is objection¬ 
able. Large rf signals cause excessive distortion because the grid is 
driven too far negative for proper amplifier operation. 

In order to obtain even greater sensitivity and improved selectivity, 
the grid-leak detector may be made regenerative. The circuit looks 
very much like a feedback oscillator with an RgCg in the grid path. 
However, the grid leak Rg is much higher and the coupling between Li 
and L 2 is adjusted just below the point of oscillation. Plate circuit 
energy is fed back to cancel the losses of the grid circuit, the Q of the 
resonant tank being thereby greatly increased and the selectivity im¬ 
proved. Regenerative detectors may produce a large amount of dis¬ 
tortion and are difiicult to adjust since the amount of feedback cou¬ 
pling required varies with the tuning of the grid circuit. Greatest sen- 
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sitivity is obtained when the regenerative detector is adjusted so that 
it is just below the point of oscillation. This point is difficult to main¬ 
tain, and so occasionally a scheme known as super-regeneration is em¬ 
ployed. Here an alternating voltage is impressed on the plate or grid 
circuit in such a manner as to block or “quench” any oscillation in 
the detector. The quenching frequency must be high compared to 



Fig. 18. Plate detection and circuit. 


the audio signal, yet low when compared to the carrier frequency. 
Feedback can then be increased so that the detector continually breaks 
into oscillation. This gives much greater sensitivity and can be ob¬ 
tained by any other type of detector although the adjustments are 
rather critical and the selectivity is poorer than the straight regenera¬ 
tive circuit. Super-regenerative detectors are useful at high radio 
frequencies where rf amplifiers are ineffective. 

The substitution of a fixed grid-bias supply Eco for the voltage drop 
across RC in Fig. 17 gives a form of circuit which may be used for 
plate detection. In this circuit, shown in Fig. 18, the grid is biased 
to the cutoff (Class B) so that only the positive loops of plate cur¬ 
rent appear. Since operation is over a curved portion of the dynamic 
characteristic, square law detection takes place. The average value 
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of the plate current represents the modulating signal which may be re¬ 
moved by a suitable plate load circuit. This detector will deliver a 
large output voltage with moderate sensitivity and distortion. It has 
the advantage of presenting a high impedance to the tuned circuit 
since the grid is always negative. No rectified voltage is available for 
use in automatic volume control. 

The principle of detection may be employed for the construction of 
a vacuum-tube voltmeter. One simple circuit for a vacuum-tube volt¬ 
meter is suggested in Fig. 19. The tube is biased to cutoff by a fixed 
bias or other suitable circuit for producing such bias. A milliammeter 
is connected at A to indicate the changes in the grid supply voltage. 

Reference to Fig. 14, Chapter V, shows 
how a varying signal on the grid causes a 
rise in the average value of the plate cur¬ 
rent due to the nonlinear dynamic char¬ 
acteristic. With the grid biased to zero 
the plate current will be zero for zero 
signal voltage, but the average value of 
plate current will rise with the amplitude 
of any applied a-c signal. The milliam¬ 
meter A must be calibrated by using known values of applied a-c 
voltages. Most vacuum-tube voltmeters present a very high input 
impedance and require an infinitesimal amount of current for opera¬ 
tion. These properties make them very useful for measurements in 
circuits where the impedance relations should not be disturbed and 
where the power drain should be infinitesimal. 

In order to recover the audio signal from the FM carrier, it is 
necessary to convert the frequency deviation back to amplitude varia¬ 
tion. This can be done very simply by adjusting a tuned radio-fre¬ 
quency amplifier so that the mean carrier frequency falls on one side 
of the selectivity curve (see Fig. 5, Chapter V). As the frequency 
varies, the output from the amplifier will vary in amplitude. Such a 
detector is likely to produce large amounts of distortion except for very 
small deviations because the skirts of the selectivity curve are not 
linear over a very wide frequency range. Furthermore, such a detector 
will respond to any amplitude modulation present on the carrier and 
produce a component known as noise. A better detector uses a bal¬ 
anced diode circuit called a discriminator. The explanation of this 
device is beyond the scope of this book. In order to realize the full 
benefits which FM offers in regard to elimination of interference and 
noise, it is necessary to use one or more limiter stages preceding the 



Fig. 19. Simple vacuum-tube 
voltmeter circuit. 
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FM detector. Limiters are simply intermediate-frequency amplifiersf 
(explained in next article) operated at their overload point so that any 
change in input amplitude will result in very little change in output. 
Properly designed limiters will give constant output signals with a 
variation of several hundred to one of input. 

As an aid to obtaining better signal-to-noise ratio in the transmis¬ 
sion of radio programs, “pre-emphasis” has been widely applied, par¬ 
ticularly in connection with FM broadcasting. Pre-emphasis is based 
upon the fact that the amplitude of the various frequency components 
in an average radio program decreases as the frequency increases. 
Therefore, a network is inserted in the audio circuits of the transmitter 
which increases the relative amplitude of the higher frequency so that 
the 15,000-cycle components are 20 db greater in amplitude than the 
1000-cycle components. This has the effect of increasing the per cent 
of modulation for the higher frequencies and results in an improved 
signal-to-noise ratio. In the receiver it is necessary, of course, to have 
a complementary network which will reduce the relative amplitude of 
the high frequencies and restore them to their natural proportions. 
The benefits of pre-emphasis can be realized as well with AM as with 
FM transmission. However, so many AM receivers have been built 
without the required correcting networks that it is impracticable to use 
pre-emphasis in the present AM broadcasting service. 

Heterodyne Systems. The heterodyne or “beat-frequency” system 
is a useful method of creating a desired frequency by employing the 
process of detection. When two alternating voltages of different fre¬ 
quency are mixed or superimposed, the amplitude of the resulting 
wave varies at a rate corresponding to the difference in frequencies. 
If this resulting wave is impressed across a suitable detector the out¬ 
put will be the difference or beat frequency of the original waves. As 
an example, an rf wave with a frequency of 5000 kilocycles may be 
changed to 500-kilocycles by combining it with a wave having a fre¬ 
quency of either 4500 or 5500 kilocycles. The combined signal is 
impressed on a heterodyne detector with a load output tuned to 500 
kilocycles. 

The heterodyne principle has many applications. For laboratory 
purposes a signal generator may be constructed by coupling two rf 
oscillators to a detector. If one oscillator has a fixed frequency / and 
the other is variable with a frequency (/ -f- A/), a wide range of beat 
or difference frequency A/ will be available in the output. Since a high- 
frequency oscillator is easier to construct and control, this application 
is sometimes preferable to a simple oscillator capable of producing the 



242 


MODULATION AND DETECTION 


desired frequency range. When two frequencies are mixed in the 
heterodyne system, if one signal has a varying frequency, the beat fre¬ 
quency, though of lower frequency value, will contain the variations. 
This makes it possible in the superheterodyne radio receiver to mix a 
signal voltage from a local oscillator with the received modulated 
signal and convert to a lower or intermediate frequency band. The 
lower or intermediate frequency can be amplified by a high-gain ‘‘in¬ 
termediate amplifier” tuned for a fixed frequency band. This inter¬ 
mediate stage in the receiver makes it possible to amplify and detect 
signals from all broadcast bands with the maximum of efficiency and 
the minimum of distortion compared to an arrangement whereby the 
amplifier and detection stages must handle a wide range of fre¬ 
quencies. 

If an intermediate amplifier stage is overloaded by the applied a-c 
grid signal, the output waves in the plate circuit will have a con¬ 
stant amplitude. AVhen an amplifier is operated in this manner it is 
termed a limiter. 

Copper Oxide Varistors as Modulators and Demodulators. Non¬ 
linear devices other than vacuum tubes may be used in the process of 



Fig. 20. Varistor and parts u.sod in modulators and demodulators. (Courtesy 
Bell Telephone Laboratories.) 

modulation. One such device is the copper oxide rectifier described 
on pages 318-320. Four tiny copper oxide units possessing unilateral 
conductivity are connected in a bridge circuit and mounted in a small 
container as illustrated in Fig. 20. These assemblies, known as Varis¬ 
tors, are widely used as modulators and demodulators on carrier tele¬ 
phone systems. One basic circuit for this application is shown in 
Fig. 21 where the voice signal is applied across one pair of opposite 


COPPER OXIDE VARISTORS AS MODULATORS 


243 


points on the bridge and the carrier signal to the other pair of tenni-! 
hals. The arrows for the CuO unit indicates the conventional direc- 



I'lG. 21. Bridge modulator circuit using Varistors. 




Fig. 23. Modulated wave produced by Varistors. 

tion of current for each rectifier unit (resistance is low ip this direc¬ 
tion and very high in the opposite direction). The applied carrier 
voltage is high and causes the bridge to act as an open circuit and 
then as a closed circuit for the voice signal, as illustrated in Fig. 22. 
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The action is such that the carrier voltage causes the bridge to act as a 
“chopper” for the applied signal, resulting in a transmitted wave as 
shown in Fig. 23. An analysis of this current wave will show that its 
principal components are the signal frequency and the upper and 
lower side bands of the carrier frequency. Other components present 
are of low magnitude. In carrier telephone systems one side band is 
transmitted and all others eliminated by a filter. At the receiving 
end demodulation is accomplished by applying the transmitted side 
band as the voice signal in the circuit of Fig. 21. Here the output 
of the modulator contains the original voice signal as one of its com¬ 
ponents. This component is selected by a filter and amplified for 
transmission to the local subscriber’s station. Other circuit arrange¬ 
ments of Varistors are employed for carrier service though the under¬ 
lying principle is similar in all of them. 



Chapter XI 

ELECTEICAL CONDUCTION IN GASES 


For a long time gases were supposed to be perfect insulators. Dry 
air and other gases seemed to offer a high opposition to the flow of 
electric current. About 1900 J. J. Thomson performed experiments 
which showed that gaseous ions serve as carriers for the electric 
current. 

The conduction of electric current in gases is not easily predictable 
since it depends on many variables. The resulting conduction may 
vary with the gas employed, the gas pressure, the potential between 
electrodes, the electrode material, the shape of electrodes, the distance 
between electrodes, the shape of the enclosing medium, and other 
factors. Conduction in gases may be attained with either hot or cold 
cathodes, but the action will be different in each case. All this is in 
contrast with the more simple theory of conduction of electricity in 
metals and in vacuums which has been considered in the preceding 
parts of this text. Some aspects of the phenomenon of gaseous con¬ 
duction will be covered in this chapter to aid in the understanding of 
the action of gaseous electron tubes which are widely employed in the 
field of electronics. 

Kinetic Theory of Gases. The molecules of a gas are in a constant 
state of motion similar to that of molecules in liquids and solids. Those 
in gases enjoy a greater freedom of movement so that what is termed 
gas pressure is really the result of multiple impacts of gas molecules 
upon the walls of the restraining enclosure. The simple kinetic theory 
of gases assumes the molecules to be small spheres which collide 
with each other in the course of their constant motion. The distance 
a molecule moves before it collides with another is called its free path. 
Obviously, the length of paths vary greatly, some being relatively short 
and others long. A study of the distribution of these paths will give 
a mean length of free path or average path which is of importance in 
the theory of electrical conduction in gases. The mean length of free 
path depends on the gas pressure and rises in magnitude as the pressure 
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falls and the molecules are farther apart. The inean length of free 
path will also depend upon the size of the molecules. Mean length of 
free path of gaseous molecules is of the order of 0.02 to 0.2 millimeter 
for a pressure of 1 millimeter of mercury. 

An electron projected in a gas will likewise collide with the mole¬ 
cules present. After its first collision it will bounce off in a new direc¬ 
tion until it experiences a second collision, and then in a new direction 
for a third collision, and so on. In this manner it will travel in a zigzag 
path through the gas. The distance between collisions is the length 
of free path for the electron, and the average length of these paths is 
the mean length of free 'path for the electron. Since the electron has a 
smaller mass and a smaller size than the molecules of gas, it will ex¬ 
perience fewer collisions and will have a longer length of free path 
(approximately six times that of the molecule). 

The molecules of the noble gases and mercury vapor consist of one 
atom. These atoms possess kinetic energy because of their thermal agi¬ 
tation, as suggested. In addition to this kinetic energy, these atoms 
may be given potential energy by displacements of electrons in their 
atomic structure. In the normal state the electrons in the atom exist in 
certain orbits, rings, or energy levels. If one or more electrons in an 
outer orbit are disturbed by the addition of energy, they may be moved 
out of their normal orbit or energy level into a higher level or they may 
even be removed from the atom. In this process the atom acquires new 
energy. This new energy may be released or radiated very quickly 
with a return to a normal state, or it may be retained for a short time 

before release. Thus a gas atom 
is capable of receiving, transport¬ 
ing, and releasing energy through 
rapid changes in its atomic struc¬ 
ture. This property combined 
with its kinetic energy plays a very 
important part in electrical con¬ 
duction in gases. 

Gaseous Conduction. The term 
gaseous conduction implies the 
conduction of current by a gas 
itself and within itself. Such con¬ 
duction is simple to understand. 
The gas-filled tube of Fig. 1 con¬ 
tains two cold electrodes held at a difference of potential by a battery. 
Assume that one gas atom has been ionized to produce one positive 
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ion and one electron through the action of X rays. The electron will 
be attracted to the positive electrode and will enter the circuit leading^ 
to the battery. The positive ion will be attracted to the negative elec¬ 
trode and upon arrival will seize an electron from the plate and unite 
with it to form a neutral atom of gas. This simple dual action has re¬ 
moved one electron from the negative electrode and supplied one elec¬ 
tron to the positive electrode. This transfer constitutes an electric 
current. Multiply this single transfer by millions and simple gaseous 
conduction results. 

The ions taking part in gaseous conduction must be produced by 
some secondary action. Often such secondary action involves one or 
more forms of electron emission. When this happens the emitted elec¬ 
trons join the ion movement, and the total current through the gas 
consists of the pure gaseous conduction plus an electron current. Thus 
the electric conduction in gases usually involves two or more processes 
of electron transfer. 

Methods of Producing Ions. Gases may be ionized (1) by thermal 
action, (2) by electromagnetic radiation, and (3) by collision with 
particles. Gases in a flame become ionized by thermal action. X rays, 
gamma rays, cosmic rays, and other forms of electromagnetic radia¬ 
tion such as ultraviolet light, have the power of ionizing a gas. Alpha 
particles and beta particles released from radioactive materials collide 
with gas particles and leave an ionized path. Much of our early and 
later scientific study has utilized the ionizing property of flying par¬ 
ticles and the energy of radiation. In gaseous electronic devices, ioni¬ 
zation by collision with electrons plays a very vital role. 

Ionization by collision with electrons is produced in gases by the 
accelerating force of an electric field. The primary electrons for the 
ionizing process are generally released by thermionic emission or photo¬ 
emission. To get a concept of ionization by collision, assume for the 
gaseous tube of Fig. 2 that the gas pressure and the electric field are of 
suitable value for ionization to occur. Electrons emitted from the 
negative hot cathode will be accelerated by the electric field toward 
the positive anode, resulting in collisions with atoms of gas while in 
flight. A certain collision with a Bohr atom shown in the figure results 
in ionization of that atom. Here the approaching primary electron is 
aimed at an electron in the outer orbit of the atom. This orbital elec¬ 
tron is moving to the right, and the collision with the primary electron 
also moving to the right will increase its speed so that it will break 
away from the atom. The orbital electron carries a negative charge 
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(—6) and the atom becomes a positive ion with a charge equal to {+e) 
in magnitude. The primary impinging electron glances off at some 
angle as shown and continues its transit until it reaches the positive 
anode. During the ionizing collision the primary electron gives up a 
definite amount of energy to the atom. Hence the resulting positive 
ion acquires and carries a unit of energy which will be released again 
whenever the ion reverts to a normal atom. 

Each electron passing between the electrodes of the tube of Fig. 2 
under the influence of the electric field suffers many collisions with the 
atoms in the intervening space. Only a few (less than one per cent) 



of these collisions result in ionization. This follows because the electron 
may not possess suiHScient energy to produce ionization or because the 
nature of the collision is not favorable for ionization. 

The preceding discussion might lead one to assume that the collisions 
of molecules and the impacts between flying electrons and atoms were 
actual physical contacts like those of a baseball bat hitting a ball. 
Such is probably not true. According to the concept of atomic struc¬ 
ture, collisions and impacts may become the interaction of the charges 
on electrons, atomic nuclei, and molecules. As one molecule of gas 
approaches another, the electrons in their outer orbits exert a repulsion 
for each other, and when they approach close enough this force of re¬ 
pulsion may become sufficient to cause the molecules to stop and then 
bound away from each other. In like manner, when a high-speed elec¬ 
tron approaches an atom, if the electron in the outer orbit happens to 
be in the direct path of the projected electron, the force of repulsion 
between the two may carry the one free from the atom and produce 
ionization. If one recalls that the ratio of the charge on the electron 
to its mass for moderate velocities is 1.76 X 10^^ (mks system), it is 
obvious that the force exerted by the charges vastly outweighs the im¬ 
portance of the insignificant mass. It should be noted that, since atoms 
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are nebulous, electrons and even positive ions may pass through atoms 
provided they do not move on a line through the electrons or the 
nucleus. 

The intensity of ionization in a gas depends on several factors such 
as applied potential, size of plates, distance between plates, and gas 
pressure. If two electrodes are placed in a gas at atmospheric pressure, 
a low difference of potential would sweep any ions present out of the 
gas. However, it would require a very high voltage to produce any 
ionization. This follows because the gas molecules are packed closely 
and any electron moving under the existing potential gradient could 
not be accelerated sufficiently before a collision to produce ionization. 
With a lowering of the gas pressure, the mean free path of the mole¬ 
cules increases, the electron moves farther, gaining more speed before 
collision, and ionization occurs more readily. The potential necessary 
to start ionization under any condition of gas pressure, etc., is often 
called the ionizing potential. As the pressure of the gas is reduced the 
ionizing potential will continue to decrease. Assume a moderate but 
fixed potential between the plates and then decrease the gas pressure 
by gradual steps. At a high gas pressure few if any electrons will ever 
attain sufficient speed to produce ionization. As the pressure is reduced 
the ionizing potential for that condition is reached and a current flows. 
A further reduction in pressure allows electrons to move farther before 
collision, and hence ionization becomes more intense. This increase 
of the intensity of ionization will continue with the decrease of pres¬ 
sure until the maximum number of the gas atoms is taking part in the 
ionization. Then any further decrease in gas pressure will reduce the 
number of atoms present so that the actual current conducted by gas 
ions will decrease progressively with pressure, ultimately approaching 
zero in a very high vacuum. 

The term ionizing potential is frequently used rather loosely. As 
commonly applied, it refers to that potential which must be applied 
between two electrodes to produce ionization for a given gas, pressure, 
temperature, and electrode spacing. In a specific sense, one may think 
of the ionizing potential as the voltage through which an electron 
must fall to produce ionization. Following this concept, each gaseous 
element requires a definite energy in electron-volts to produce excita¬ 
tion and ionization. For example, helium has a minimum excitation 
potential of approximately 20 volts and an ionizing potential of ap¬ 
proximately 25 volts. For mercury vapor the approximate excitation 
value is 4.7 volts with an ionizing value of 10.4 volts. The distance 
through which an electron can fall before collision depends upon the 
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gas pressure and temperature. Obviously, these latter factors govern 
the potential gradient and the difference of potential between electrodes 
for producing ionization. 

The collision of the electrons with gas atoms may be divided into 
four groups. First, many collisions result in a mere ^^bouncing off’’ or 
change of direction of the electron where little or no energy is imparted 
to the atom. These are known as elastic collisions and constitute the 
majority of all impacts. Second, some collisions occur where the energy 
of the electron is insufficient to produce ionization but is great enough 
to move an outer electron out of its orbit or energy level. Here the 
atom has been given some energy and is said to be excited. This ex¬ 
cited state of the atom is a very transient one and the atom releases 
the acquired energy almost immediately. The energy is released in the 
form of electromagnetic waves. This wave energy radiation may be 
visible light and as such is very important in some types of electric¬ 
lighting sources. In a third group of collisions, the electron is able to 
impart energy to the atom so that it is retained for a short period of 
time. While this energy is retained, the atom is said to be in a meta¬ 
stable state. A metastable atom may receive additional energy from a 
second collision which will be enough to produce ionization. It should 
be noted that the excited atom and the metastable atom retain all 
electrons and hence do not carry a charge and are not affected by an 
electric field. The fourth group of collisions is the ionizing collision. If 
the conditions are favorable for ionization to occur, all four groups of 
collision will be taking place. 

Gases may be ionized by the collision of positive ions with atoms. 
However, the positive ions present in gaseous tubes are not very effec¬ 
tive ionizing agents. Their large mass relative to the electron prevents 
rapid acceleration in an electric field and their larger size results in 
more collisions with molecules, so they have little opportunity to ac¬ 
quire velocities sufficient for ionizing collisions. It is well to remember 
that in the simplest gas, hydrogen, tne positive ion (a proton) is 1840 
times as heavy as the electron. In the more complex gaseous elements 
used in commercial tubes, the positive ion has a mass several thousand 
times as large as the electron (see Table 1, page 7). 

Deionization. Deionization is the reverse process of ionization. It 
is effected by a recombination of positive ions and electrons to form 
neutral normal atoms. Such recombinations are accompanied by a 
release of the energy required for ionization and imprisoned in the 
positive ion during its existence. Recombination may take place (1) 
inside the volume of gas,, (2) along the walls of the gas-enclosing 
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chamber, or (3) at an electrode under the attraction of an electric field. 
Recombinations do not take place readily inside the gas volume if an 
electric field is present because positive ions and electrons will have 
high relative velocities in opposite directions. If the conditions are 
favorable for the formation of negative ions (atom plus an electron), 
recombination may take place readily since the negative ion with 
larger mass moves more slowly than an electron, even in the presence 
of an electric field. Also the negative ion gives up its extra electron 
readily to a positive ion. Positive ions which diffuse to surface walls 
obtain electrons readily for deionization. Electrodes having negative 
potentials attract positive ions and supply electrons for recombina¬ 
tions. The energy released during deionization may be in the form of 
heat and may aid electron emission at the cathode. The preceding 
statements on recombinations apply to low-pressure discharge condi¬ 
tions but not to high-pressure discharges where mean free paths are 
negligible compared to electrode spacing. 

Stages of Electrical Conduction in Gases. Electrical conduction in 
a gas between cold electrodes may pass through and exist in three 
successive stages. These stages are called the Townsend discharge, 
the glow discharge, and the arc. The term discharge arose from early 
experiments wherein gaseous conduction served to discharge electricity 
stored in condensers. The Townsend discharge can be explained by 
the circuit and curve of Fig. 3. Two cold plates are placed in the 
chamber C containing gas under reduced pressure. A variable voltage 
from source Ea, is placed across the plates. Beginning with X at zero 
or a, the voltage is raised as X moves to position b with a current fiow 
in the circuit as shown by the curve OPQR. While no ionizing agent is 
provided within the chamber, a small number of ions will be present 
because of cosmic rays and other electromagnetic radiations which 
exist outside of the chamber or because of radioactive substances 
which may be present on the inside or outside. The small number of 
ions present and being formed constantly will be attracted to the elec¬ 
trodes and will constitute a very minute current which will rise along 
the line OP under the influence of a weak field. The voltage at P is 
sufficient to sweep all these ions out of space as rapidly as they are 
formed, and from point P to Q there will be no change of current. At 
point Q the ionizing potential for the pressure and gas used is reached. 
Hence a few ions will be produced and their transfer will add to the 
very minute current present. Now, as the voltage is raised above the 
ionizing potential, more primary electrons will produce ionization. 
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Also, as the potential rises, two things may happen. First, an occa¬ 
sional primary electron may have more than one ionizing collision 
while in transit, and, second, a few electrons formed by collisions may 
in turn effect an ionizing collision. In this manner, the process of 
ionization becomes accumulative and the gaseous conduction current 
rises rapidly following an exponential type of curve. Ultimately, as 
the point X is moved to the right, the current tends to rise without 

Townsend 




Fig. 3. Circuit and phenomena for Townsend discharge. 

apparent limit until a breakdown region is reached. The breakdown 
region is marked by two occurrences. First, the operation of the tube 
becomes self-sustaining, and, second, the discharge passes into a second 
stage or form of discharge. Up to this point the discharge has de¬ 
pended upon the production of some ions by an external or separate 
agent, such as electromagnetic radiations. If this external action had 
been stopped, the discharge current would have stopped likewise. At 
the breakdown point a stage has been reached where the products of 
ionization (electrons and positive ions) will reproduce sufficient elec¬ 
trons and ions to keep the discharge continuous. This action is accom¬ 
plished by electron emission at the cathode resulting from bombard¬ 
ment by the positive ions attracted to it plus the energy released during 
recombination. One factor in the breakdown of the Townsend dis¬ 
charge is the change in the potential distribution between the electrodes 
resulting from the rising positive space charge which increases the 
potential gradient near the cathode. After reaching the breakdown 
point, the Townsend discharge may pass into other types of discharge 
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such as the corona, the glow, and the arc. The term breakdown poten¬ 
tial is known also as sparking potential and ignition potential. 

The breakdown voltage JSj, in the Townsend discharge depends upon 
the geometry of the electrodes, their work function, the gas employed, 
the gas pressure, and the distance between the electrodes. In order to 
generalize on the phenomenon, a particular gas and electrode material 
may be chosen and the cold electrodes may be assumed to be parallel 
plates, thus giving a uniform electric field if space-charge effects are 
ignored. If the electrodes are held at a fixed spacing and the gas pres¬ 
sure is increased from zero to X, 


the trend of the breakdown volt¬ 
age varies as shown in Fig. 4. 
Here the mean free path of the 
electron will control the intensity 
of ionization and, in turn, the 
breakdown point, as previously 
discussed on page 249. Next, as¬ 
sume the gas pressure is held con¬ 
stant and vary the spacing be¬ 
tween the electrodes from zero to 
some considerable distance X. 



(2) Distance (gas pressure = constant) 

(3) pxd 


The measured breakdown volt- Fig. 4 

age will again follow the same 

trend, as shown in Fig. 4. Here also, the length of free path of the 
electron determines the characteristic curve. At short spacings the 
electrons experience few collisions and the necessary breakdown volt¬ 
age must be very high. For large spacing the distance may equal sev¬ 
eral lengths of free path, and again must be high. The optimum 
condition for breakdown is likely to occur at a spacing approximating 
the mean free length of path for the conditions assumed. This char¬ 
acteristic variation of breakdown voltage with electrode spacing has 
been utilized in the design of cold-cathode rectifiers and grid-glow 
tubes to be covered in the following chapter. Thus a spacing corres¬ 
ponding to point h on Fig. 4 requires a relatively low breakdown volt¬ 
age, whereas a short spacing such as point a will permit three times 
such potential before conduction occurs. 

The preceding discussion discloses that the trend of change of break¬ 
down voltage with variation of gas pressure for a constant electrode 
spacing is the same as for the inverse condition, namely, a variation of 
electrode spacing for a constant gas pressure. From this disclosure 
it is obvious that a similar trend will follow for a variation in the 
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product of gas pressure times distance, or p X d. This relationship is 
known as Paschen^s law. Paschen's law states that, for parallel plane 
electrodes in a given gas at a given temperature, the breakdown voltage 
is a function of the product of the pressure and the electrode separation. 
To understand this law one should remember that under the conditions 
assumed the mean free path is inversely proportional to the pressure, 
so that the ratio between the spacing and the mean free path remains 
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Fig. 5. Distribution of quantities in a long gaseous eolumii with a cold cathode. 
(Reprinted with permission from L. B. Loeb, Fundamentnl Processes of Electrical 
Discharge in Gases, John Wiley & Sons, 1939, p. 566, Fig. 269.) 

the same. Thus the number of free paths between the electrodes re¬ 
mains the same for a particular product of p X d. 

The glow discharge is a self-maintaining discharge which is marked 
by a luminous column, a low current density, and a high voltage drop 
between electrodes. This discharge gets its name from its soft luminous 
effect exemplified in the familiar neon sign. Some of the properties 
of the glow discharge for a long tubular chamber under an applied d-c 
potential are indicated in Fig. 5. Most of the light comes from the 
long positive column with supplementary bright areas at the cathode 
glow, the anode glow, and the negative glow points. The potential dis¬ 
tribution shows a rapid rise of voltage close to cathode, then a gradual 
rise throughout the long positive column, with a final spurt or rise in 
potential near the anode. This form of potential distribution may be 
explained by the slow mobility of the positive ions in the long positive 
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column. The ions form a positive space charge which moves down to 
the cathode and gives a form of virtual anode close to the cathode. 
The rapid rise in voltage beginning at the cathode is equal to the 
breakdown voltage for the particular pressure and gas used. This 
voltage is several times the ionizing potential and it produces primary 
electrons and ions in sufficient numbers to make the discharge self- 
maintaining. This rise in voltage, often called the cathode fall of 
potential, depends upon the material used in the electrodes, upon the 
kind of gas, and upon the gas pressure in the tube. This voltage lies 
within the range of 50 to 300 volts. The positive ions are repelled by 
the positive potential at the anode so that only electrons exist in a 
narrow region called the anode dark space. In this region a more rapid 
rise of potential (stronger electric field) is needed to withdraw the 
electrons from the positive column. 

When the current in the glow discharge is small the cathode glow 
covers a small area of the cathode, and the area increases in size with 
the magnitude of the current. Since the tube voltage is nearly con¬ 
stant with current variation, it is necessary to limit or control the 
current by some external means. In neon signs this control is built 
into the transformer that supplies the voltage. The constant voltage 
characteristic of the glow discharge is utilized in voltage-regulator 
tubes to be described later. 

If the current density in the glow discharge is permitted to pass a 
certain maximum value for a particular gas, the character of the dis¬ 
charge changes rapidly. The increase of current will be accompanied 
by a rise of voltage drop between the cathode and anode and the glow 
will rise in intensity. This new state is called the abnormal glow^. A 
further increase of current causes an acceleration in the brightness of 
the glow and a rise in voltage until the discharge suddenly changes to 
a new stage called the arc. The important characteristic of the arc is 
shown in Fig. 6. Here the voltage across the arc varies inversely with 
the current through the arc. This is a negative resistance character¬ 
istic which tends to damage any equipment associated with the arc. 
Hence the arc calls for a stabilizing element in the external circuit 
which will limit the current. 

The phenomenon of the electric arc discharge is not well understood. 
The arc itself is made up of positive ions, electrons, excited atoms, and 
metastable atoms. The high current density in the arc results in very 
high temperatures. This high temperature may influence the arc 
phenomenon in several ways. First, the high temperature may increase 
electron emission from the cathode and thus increase the current. 
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Second, the temperature may be sufficient to produce ionization by 
thermal agitation. Third, the high temperature reduces the ionizing 
energy necessary to produce ionization, thus permitting an increase 
of ionization by collision. All these processes may act accumula¬ 
tively to produce intense electrical conduction even with exceedingly 
short electrode spacing. If the arc takes place in the presence of 

oxygen the electrodes will be burned. 

The three stages of gaseous discharge 
with cold cathodes are briefly summarized 
in Fig. 7. In the Townsend discharge 
initial conduction is produced by some 
ionizing agent and a minute current exists 
under a rising potential until the ionizing 
potential is reached. After reaching this 
point the conduction current rises rapidly 
with voltage, and the potential distribution 
shifts to bring about a new stage wherein 
the discharge is self-sustaining. In the new stage (the glow discharge) 
the potential drop across the tube is constant while the current rises 
until the cathode glow covers the cathode surface. A further rise in 
current flow results in a rise in cathode-anode drop, a rise in luminous 
brightness, and a change to the arc discharge. The arc discharge is 
marked by an intense luminosity and a fall of potential with a rise in 



Fig. 6. Characteristic of the 
electric arc. 



Fio. 7. Summary of the stages of discharge between cold electrodes in a low- 

pressure gas. 

current. Thus the transitions in the three stages are marked by (1) a 
rise of current and a rise in potential, (2) a rise of current and a con¬ 
stant potential, and (3) a rise of current and a fall of potential. 

In all forms of electrical conduction in gases the positive ions play 
the vital part. The large mass and slow mobility of these ions cause 
them to form a dense concentration in the space where conduction is 
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taking place. Langmuir has termed such concentrations or positive 
space-charge regions the plasma. The plasma ha^ boundaries on all 
sides. For example, in Fig. 5, the end boundaries occur at the negative 
glow and the anode glow. The other boundary is the outside of the 
column. This outer boundary may be the wall of the tube but in 
general the outside boundary is a layer or sheath. This sheath is a 
region consisting of ions, metastable atoms, and normal atoms. The 
sheath differs from the plasma in that the ions are in a general state of 
diffusion and do not have a coordinated drift as a part of the current. 
The sheath can be likened to a thin layer of water on the inside of a 
pipe having a rough inner surface. This outer skin of water may be 
nearly stationary and yet serve as a boundary for the water flowing 
through the pipes. In gaseous conduction tubes, sheaths may represent 
the boundaries for electrodes as well as enclosing surfaces. 

The preceding discussion of electric conduction in gases has assumed 
the use of a cold cathode, whereas most of the gaseous tubes in com¬ 
mercial use employ hot cathodes. The hot cathode furnishes a copious 
supply of electrons continuously. These electrons add greatly to the 
conduction of current (electron flow) and reduce the voltage drop re¬ 
quired for producing simple ionization. The conduction of current 
is non-self-sustaining and the characteristics differ greatly from con¬ 
duction in vacuum or self-sustaining conduction in gases. The char¬ 
acteristics of the hot-cathode gaseous tube will be covered in the 
chapter which follows. 

Gaseous Lighting Units. Many lighting units of both novel and use¬ 
ful design operate on the principle explained in the preceding articles. 
One of the first of these is the familiar Geissler tube which usually 
consists of a long glass tube bent into irregular shape and containing a 
number of sections, each having a different kind of gas under low pres¬ 
sure. The sections are connected by conductors and the whole tube 
is placed in operation by the application of a high-voltage alternating 
current to the terminals. Very striking color effects are obtained when 
the tube is placed in operation and viewed in the dark. 

The neon light consists of a long glass tube about ^4 ii^ch in diameter 
and filled with neon gas under low pressure. It is a very efficient source 
of light, giving a reddish-yellow color. The low cost and high effi¬ 
ciency of this light source has resulted in its popularity for sign lighting 
all over the world. Argon gas and sometimes helium and mixtures of 
gases are used to give different colors in sign lighting. 

Glow lamps consist of bulbs filled with an inert gas such as neon 
under low pressure and containing two electrodes. These lamps use 
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the principle of ionization and the accompanying production of light 
arising from negative glow for illumination or for voltage regulation. 
One form of glow lamp is placed in an incandescent-type lamp bulb 
having a high resistance in its base. The resistance limits the magni¬ 
tude of the current of gaseous conduction. These lamps consume from 
Yss to 5 watts and are used for night lamps, signal lamps, and Christ¬ 
mas-tree lamps. Several lamps of this type are illustrated in Fig. 8. 

The Cooper-Hewitt mercury-vapor lamp consists of a long tube con¬ 
taining a small quantity of mercury. Ionization of the mercury is 



Fig. 8. Neon glow lamps. (Courtesy General Electric Company.) 


started by tilting the tube, by applying a high inductive voltage, or by 
the use of thermionic emission from filaments. The color of the light, 
bluish yellow and devoid of red rays, causes human faces to have a 
deathly pallor. The specific advantages of this light are that it casts 
but little shadow, covers a narrow band in the visible light spectrum, 
and gives excellent visual acuity. Formerly the Cooper-Hewitt unit 
had fairly extensive application for drafting rooms, machine shops, 
and industrial processes where detection of color was not essential 
but where fine definition was important. 

Today this low-pressure type of mercury-vapor lamp is being re¬ 
placed by the fluorescent lamp which provides a lower cost and higher 
efficiency. Moderate- and high-pressure mercury-vapor lamps are 
concentrated and efficient sources of light that have many special 
applications. 

The fluorescent lamp consists of a long glass tube coated on its inner 
surface with a fluorescent material known as phosphor and containing 
a small amount of mercury vapor. Emitter electrodes at the ends of the 
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tube produce initial electrons for ionizing the mercury vapor and 
furnishing ultraviolet light. The ultraviolet light causes the phosphor 
to fluoresce and give forth visible light. The different phosphors avail¬ 
able are capable of producing different colors of light, including white, 
at relatively high efficiencies compared to the heated-filament type of 
light source. 

The gaseous conduction of mercury vapor has given rise to a number 
of important developments. Much of the electromagnetic radiation 
from the ionized mercury vapor is ultraviolet light. Ultraviolet rays 
have a high therapeutic and sterilizing value. Accordingly, one type 
of mercury-vapor lamp (called a sun lamp) is built to give healthful 
light for man and animals. A special form of this lamp (germicidal) 
is used for sterilization in refrigerators, in operating rooms, and in 
treatment of wounds. 

The sodium-vapor lamp uses the vapor of sodium as the gaseous 
conducting medium. A small quantity of metallic sodium is contained 
in an inner chamber. It requires several minutes for the lamp to heat 
up, evaporate the sodium, and come to full normal brilliancy. The 
lamps give a yellow light at a very high luminous efficiency and are 
used for highway lighting. 



Chapter XII 

GASEOUS AND VAPOR ELECTRON TUBES 


Gaseous versus Vacuum Tubes. Two criteria for distinguishing 
between vacuum and gaseous electron tubes are (1) the pressure of the 
gas and (2) the mean free path of the electrons. In a highly evacuated 
tube of 10~®-millimeter pressure at 0 degrees C, there are more than 
ten billion molecules in each cubic centimeter. For the ordinary 
vacuum tube of 10“®-millimeter pressure, the mean free path of the 
electron is of the order of 42 meters. Since the electrode spacing in 
vacuum tubes never exceeds 2 or 3 centimeters (except in cathode-ray 
tubes), it is obvious that electrons move freely from cathode to anode 
with rare collisions with molecules of gas. In contrast with this picture, 
in gaseous tubes the normal spacing distances of electrodes is much 
greater (up to several inches), whereas the mean free path for common 
gas pressures of 10to IQ-^ millimeter is of the order of a 7 nillimeter 
or less. Thus in gaseous tubes the electrons suffer many collisions in 
transit and are likely to produce an intense ionization of the gas. 

Neutralization of Negative Space Charge. Positive ions formed in 
an electron tube tend to neutralize the negative space charge surround¬ 
ing a hot cathode. If a small amount of an inert gas is admitted to a 
high-vacuum diode, the gas molecules will be ionized by collisions with 
the emitted electrons in transit to the anode. The electrons formed 
by collision will be attracted to the positive anode and, because of 
their small mass, will reach it quickly. The positive ions formed by 
collision will move to the negative cathode rather slowly because of 
their large mass. Since the positive ions move slowly, they will remain 
in the cathode-anode space for a long time relative to the time of 
transit of electrons. Accordingly, a large number of positive ions may 
exist at a given instant within the region of the negative space charge 
surrounding the hot cathode. A single positive ion close to an electron 
will neutralize the charge of that electron at that instant. Thus the 
field produced by this pair is zero (neutral space charge). In an in¬ 
finitesimal fraction of a second the electron of the pair is whisked away 
by the electric field and the positive ion moves a short distance toward 
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the cathode. In its new position the positive ion will be close to a 
second electron and at that instant will serve to neutralize this electron. 
In this manner the slow mobility of the positive ion will permit it to 
neutralize many (perhaps hundreds) of electrons while passing through 
the negative space-charge region. It is readily conceivable that, if at 
every instant the region surrounding the cathode contains the same 
number and distribution of positive ions and electrons, the negative 
space charge will be completely neutralized. This ideal state may 
seldom exist, but any degree of neutralization will overcome partially 
the negative space charge and will increase the number of primary 
electrons that are attracted to the anode. In passing, it should be noted 
that, if the positive ions present close to the cathode exceed the number 
of electrons, they will act like a positive grid very close to the cathode 
and thereby will increase greatly the primary electron flow to the anode. 

The conduction of electricity in the gaseous hot-cathode tube may 
be considered as consisting of the three following components: 

1. The primary electron current existing in a high vacuum. 

2. The gaseous conduction resulting from electron transfer by ions.* 

3. The increased flow of electrons of thermionic emission resulting 
from the neutralization of negative space charge. 

The third component is the largest in magnitude and of the greatest 
importance. Component number two is usually small in magnitude. 
The addition of a small amount of gas or vapor greatly increases the 
current rectified by a diode. It also reduces the voltage required be¬ 
tween the cathode and anode. This action is illustrated in the curves 
in Fig. la, giving a comparison of the anode-current anode-voltage 
characteristics of hot-cathode vacuum and gaseous tubes. In the 
gaseous tube with negative space charge neutralized, the anode current 
rises abruptly after the ionizing potential is reached, giving a con¬ 
stant anode-cathode drop with load. Thus for the gaseous tube the 
rectified power output is increased and at the same time the power loss 
within the tube is reduced. Both these changes increase the efficiency 
of rectification of alternating current. 

Potential Distribution in Hot-Cathode Gaseous Tube. The presence 
of positive ions in gaseous and vapor tubes has a marked effect upon 
the potential distribution between the cathode and anode. In a high- 
vacuum tube the negative space charge depresses the voltage near the 
cathode, whereas in the gaseous tube the positive ions tend to neutralize 

♦This component is frequently termed the gas current. 
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this negative space-charge effect. Furthermore, if sufficient gas or 
vapor is present, an arc form of discharge takes place. The positive 
ions form a plasma for the arc which extends close to the cathode giv¬ 
ing the potential distribution as shown in Fig. lb. The trend of this 
curve is similar to that of the glow-discharge tube but here the magni¬ 
tude of the cathode drop from plasma to cathode is much lower. In the 
glow-discharge tube a high voltage is necessary to produce electrons 
from a cold cathode, whereas in the tube under consideration a copious 
supply of electrons is emitted thermionically. In the gaseous and 



Anode volts Cathode Anode 

(a) (b) 

Fig. 1. Current and potential characi oristics in a liot-cathode gaseous or vapor- 

rectifier tube. 

vapor-arc tubes the total fall of potential from anode to cathode is of 
the order of 10 to 25 volts. The exact form of the potential distribu¬ 
tion curve will vary with the gas or vapor and the pressure used and 
somewhat with the geometry of the tube. In general, there will be a 
rise of potential from the plasma of the arc to the anode for extracting 
the electrons out of the plasma. The potential distribution which 
would exist in vacuums because of negative space charge is indicated 
by the dotted line in Fig. 16. 

Cathode Sputtering. The positive ions produced in a gaseous tube 
bombard the hot cathode. When the ions hit the cathode they give up 
energy in two ways. First, the positive ions possess kinetic energy 
arising from the velocity acquired in the electric field. Secondly, the 
positive ion carries potential energy resulting from ionization. This 
latter energy is released when recombination takes place at the cathode. 
Both forms of energy given up when the positive ion hits the cathode 
may be transformed into heat, thus raising the temperature of the 
cathode and increasing the rate of thermionic emission. This process 
is utilized in the ionic-heated cathode and will be referred to later. If 
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the electric field is too high the bombardment of the positive ions may 
disintegrate the emitting surface. This action is^ known as cathode 
sputtering and the removed active material such as thorium or barium 
may land on a nearby electrode such as a grid and result in emission 
from that electrode. The loss of active material from the sputtered 
cathode will reduce the emission from the cathode and may make the 
cathode inoperative, thus ruining the tube for further service. Cathode 
sputtering results from (1) insufficient cathode emission (underheat¬ 
ing) , (2) too large cathode-anode current (overload), or (3) too high 
cathode-anode voltage drop. These conditions have a direct interrela¬ 
tion so that two of them occur simultaneously. Cathode sputtering can 
be prevented with a suitable resistor in the load circuit to limit the cur¬ 
rent output of the tube to the rated value and by having the cathode 
at normal emission temperature and the correct bulb temperature be¬ 
fore anode voltage is applied. 

While cathode sputtering is very harmful in an electron tube, the 
sputtering process may be useful in some manufacturing processes. 
Thus a thin coating of a metal may be placed on a plate or an electrode 
by sputtering this metal from a second electrode serving as a cathode. 

Inverse Peak Voltage. The applications of any electron tube hav¬ 
ing unilateral conductivity depends largely upon the maximum inverse 
or reverse peak voltage that may be applied in the cathode-anode cir¬ 
cuit without a reverse current flow. The term inverse voltage does not 
refer to the insulation or dielectric strength of the tube parts. In the 
high-vacuum tubes previously discussed it was pointed out that, with a 
cold anode, exceedingly high inverse voltage (anode negative and cath¬ 
ode positive) could be employed without any danger of a reverse cur¬ 
rent (called breakdown or arc-back). However, when gas is present 
in a tube conduction may take place from a negative cold plate, as was 
explained in Chapter XI, for the Townsend discharge, the glow dis¬ 
charge, or the arc discharge. Accordingly, in gaseous and vapor elec¬ 
tron tubes the maximum inverse voltages must be held at much lower 
values. 

The inverse voltage across a rectifying tube without a filter is the 
maximum value of the impressed a-c voltage. If a tube supplies a load 
through a filter, the maximum inverse voltage between the cathode 
and anode will be equal to the impressed a-c maximum voltage plus the 
d-c voltage at the input to the filter. This relation is illustrated for the 
half-wave rectifier and filter circuit shown in Fig. 2. The magnitude 
of the inverse voltage present will depend upon the filter and load cir¬ 
cuit used and may approach a value twice the crest of the input. 
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Fia, 2, Inverse voltage across a vacuum tube supplying a load through a filter. 

Effect of Gas Pressure. Inert gases used in incandescent lamps re¬ 
duce the evaporation of tungsten and permit higher operating tempera¬ 
tures and higher luminous efficiency for a given life. In a similar way, 
the use of inert gas in an electron tube reduces the evaporation from 
the cathode and permits the use of higher cathode temperature with 
corresponding increase of emission current. The higher the gas pres¬ 
sure, the greater the permissible thermionic emission. 

The inverse peak voltage of a gaseous or vapor tube decreases rather 
rapidly with a rise in pressure. As the gas pressure rises above zero, 
the ionization by collision increases. The tendency to arc-back de¬ 
pends upon the number of positive ions present, and hence the permis¬ 
sible gas pressure will be determined by the inverse peak voltage re¬ 
quired. In tubes employing mercury vapor the temperature of the tube 
becomes an important factor because the amount of mercury evapo¬ 
rated, and hence the vapor pressure, depends upon the coolest place 
in the tube where the vapor condenses. Thus in a mercury-vapor 
tube the operating temperature may become very critical as far as 
peak inverse voltage is concerned. 

Gaseous Rectifier Diodes. The Tungar gaseous rectifier diode is 
filled with argon gas under a pressure of approximately 2 pounds. 
The argon gas furnishes the positive ions for neutralizing negative 
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space charge and the high gas pressure reduces evaporation and thorium 
loss from the cathode. The anode is a graphite disk with its lead 
brought in from the top of the tube. 

The cathode is. a helical coil of 
tungsten or thoriated-tungsten wire 
connected through leads to a screw 
type of base, as illustrated in Fig. 

3. The cathode filament is oper¬ 
ated at a low voltage of 1.8 to 
2.2 volts and with currents of 6 to 
27 amperes, depending upon output 
current. The tube ^^fircs’^ or con¬ 
ducts with a nearly instantaneous 
start. No harm results from im¬ 
pressing voltage on the anode be¬ 
fore the cathode reaches operating 
temperature because the relatively 
high gas pressure limits the velocity 

(collisions) of the positive ions. The average d-c pick-up voltage 
for the tube is 11 to 13 volts and the average arc drop (cathode to 




Fig. 3. Circuit for a half-wave Tungar 
rectifier. 


RECTIFIER EL6B 
(Half-wave) 

Tantalum Anode and Xenon Gas 
Cathode 


Filament voltage 

2.5 volts 

Filament current 

21 =b 2 am{>s 

Heating time 

1 min 

Anode 

Peak inverse voltage 

920 volts 

Arc drop (average) 

9 volts 

Starting voltage (average) 

12 volts 

D-c current (continuous) 

6.4 amfis 

D-c current (10 seconds) 

12.8 amps 


Ambient temp, limits 


-55 to 70 C 


Note: The cathode should be heated before the 
load voltage is applied. 



Fig. 4. Typical gaseous rectifier tube. (Courtesy Electrons Inc.) 


anode) is only 7 volts. The maximum inverse peak voltage varies 
from 150 for small-capacity tubes to 300 for the 6-ampere capacity. 
This low inverse peak is necessary to prevent a glow discharge from 
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starting on the nonconducting half of the cycle of rectification. 

A second type of gaseous diode (Fig. 4) uses pure xenon gas at a 
pressure of less than one millimeter of mercury. The reduced pres¬ 
sure permits a higher inverse peak voltage. Xenon gas has practically 
the same space charge neutralizing power as mercury, and its density 
is unaffected by the surrounding temperature. A lightweight tantalum 
anode permits thorough degassing in manufacture. Gaseous rectifier 
tubes have output ratings varying from 0.5 to 50 d-c amperes and are 
used for charging storage batteries, arc supply for motion-picture pro¬ 
jectors, and other moderate capacity d-c loads. 

Mercury-Vapor Rectifier Diode. The mercury-vapor rectifier diode 
uses a hot cathode and mercury vapor under a low 'pressure. It should 
not be confused with the pool type of tube which uses a pool of cold 
metallic mercury for a cathode. A small quantity of mercury is in¬ 
serted in a hot-cathode evacuated tube. A part of or all the mercury 
vaporizes and the vapor atoms ionize and serve as the conducting 
medium in the tube. The conduction is of the arc type. In comparison 
with the vacuum diode the mercury-vapor tube carries a much larger 
current, has a neutralized negative space charge, and has a nearly 
constant cathode-anode voltage drop (within the range of 10 to 20 
volts) which is ticarlj’’ independent of current. The absence of negative 
space charge and its accompanying losses allows a larger electrode 
spacing and smaller-size electrodes for a given current-carrying capac¬ 
ity. It also permits the use of an electron-emitting cathode of higher 
efficiency and much larger current-carrying capacity. The anodes 
consist of disks made of metal or graphite which are mounted on leads 
brought out at the top of the tube. The hot cathodes are of the oxide- 
coated type and are generally placed within a hollow metal cylinder 
to reduce radiation losses. Various configurations have been used in 
the construction of these cathodes as illustrated in Fig. 5. 

Glass-enclosing tubes are used fo^* mercury-vapor units having small 
current-carrying capacities. Metal-enclosing tubes are used for the 
larger capacities. 

The mercury-vapor rectifier is superior to the gaseous rectifier in that 
it will withstand much higher inverse peak voltages of the order of 
6,000 to 10,000 volts. However, the mercury-vapor diode has the dis¬ 
advantage that voltage should not be applied to the anode until the 
cathode and the entire tube reach normal operating temperature. Such 
application of voltage when the cathode is cold or partially heated will 
result in the destruction of the cathode-emitting surface by positive ion 
bombardment. Special care in the installation and operation of mer- 
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cury-vapor tubes is necessary to insure long life and satisfactory oper¬ 
ation. The user should observe carefully the manufacturer’s instruc¬ 
tions for operation in an upright position, long warm-up period when 



Fig. 5. Assemblies of oxide-coated cathodes used in gaseous and vapor tubes. 
(Courtesy General Electric Company.) 


first installed, suitable surrounding temperature, protection from water 
drops, acid fumes, and so forth. 

The accepted name for the mercury-vapor diode in the power in¬ 
dustry is the phanotron. These tubes have average current output 
ratings of from 0.25 to 30 amperes. A tube of low rating is shown in 
Fig. 6 and one of high current in a metal enclosure in Fig. 7. Phano- 
trons are used for supplying direct current for applications where me¬ 
dium values of voltage and current are required. 
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Some diodes termed Tungars contain mercury vapor and operate at 
a higher pressure comparable to those containing inert gas. These 
mercury-vapor tubes possess characteristics similar to those contain¬ 
ing gas. Similarly some diodes containing inert gas operate at pres¬ 
sures comparable to phanotrons and possess similar 
characteristics. Other diodes contain both argon 
gas and mercury vapor. These tubes possess a low 
pick-up voltage (about 4 volts) and a low inverse 
peak (about 55 to 75 volts). 

• Thyratrons. The thyratron is a triode containing 
inert gas or mercury vapor under low pressure. It 
is a phanotron plus a control grid. The admission 
of gas or vapor into a three-electrode vacuum tube 
greatly changes the characteristics and operation 
of the device. The presence of gas renders the tube 
useless as a grid-controlled amplifier but makes it 
valuable as a grid-controlled arc rectifier. In order 
to perform this new function the grid should sur¬ 
round the cathode or the anode so as to screen the 
one from the other. One early type of construction 
of the thyratron is shown schematically in Fig. 8. 

The theory of action of the thyratron can be pic¬ 
tured by considering its behavior in a d-c circuit. 
Let the filamentary cathode of Fig. 8 be heated to 
normal temperature for emission and let switches Sp 
and Sc be open. Close Sp, placing a high positive potential on the anode 
with the grid free, and nothing will happen if the grid has a fine mesh. 
This follows because the free grid is made negative by the electrons 
from the cathode landing on it. This negative grid repels the electrons 
emitted by the cathode so that few get past the meshes of the grid to 
start ionization. Next, if switch Sc is connected to the positive side of 
the C battery, electrons pass through the grid readily, ionization starts, 
an arc develops, and the tube conducts an electric current which is 
limited by the magnitude of the load resistance. After the ionization 
has started, the opening of switch Sc, causing a free grid to exist, has no 
effect on the cathode-anode arc. Likewise, if the switch Sc is connected 
to the negative side of the (7 battery, the resulting negative charge on 
the grid has no appreciable effect on the arc. Thus the grid has the 
power to start the arc but no power to control its magnitude or to stop 
it after it has started. The reason for this unexpected action lies in 



Fig. 6. Mercury- 
vapor rectifier tube 
(average anode 
current 0.25 am¬ 
pere). (Courtesy 
Radio Corporation 
of America.) 
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the presence of the positive ions in the arc. These ions, which fill the 
cathode-anode space, constitute the plasma of the arc. When the grid 
is made negative, it attracts some of the positive ions from the plasma 



GENERAL CHARACTERISTICS 


Number of Electrodes 
Electrical 

Cathode-filamentary 
Filament voltage 
Filament current, approx 
Heating time, typical 

Optimum phase of filament voltage i%ith respect 
to anode voltage 
Peak voltage drop, typical 
Rise of tube temperature above ambient 
Without forced-air circulation 

For average anode current 0 

Degrees rise, condensed mercurv temperature 30 
Degrees rise, temperature of side of tube 100 

Maximum ratings 

Maximum peak inverse anode voltage 
20° to 60° C condensed mercury 
20° to 70° C condensed mercury 
Maximum anode current 
Instantaneous 
Average 

Suige, for design only 
Maximum time of averaging current 
Temperature limits, condensed mercury -f 40° to +60° C 



2.5 volts 
100 amp 
2 min 


90 deOTees 
9 volts 


20 amp 
85 
150 


1500 volts 
800 volts 

75 amp 
20 amp 
750 amp 
30 sec 


Fig. 7. Phanotron FG-166. (Courtesy General Electric Company.) 


and these positive ions fly to and cluster around the grid like bees 
coming to a hive (Fig. 9). Each positive ion seizes an electron and be¬ 
comes a neutral atom. However, the process is continuous and the 



Fig. 8. Thyratron in a d-c circuit. 


cluster or sheath of positive ions surrounding the grid creates a posi¬ 
tive field (space charge) as far as the surrounding region is concerned. 
If the grid is made more negative, a thicker sheath of positive ions 



270 


GASEOUS AND VAPOR ELECTRON TUBES 


surrounds it but without any effect on the cathode-anode arc, if the 
meshes of the grid are some distance apart. However, if the grid wires 
are very close together (almost touching), the sheath of positive ions 
around the grid will serve to limit the cathode-anode arc. Thus, theo¬ 
retically, a closely spaced grid plus a high negative grid potential can 

be used to limit and even to stop an 
arc. Such means are not employed 
in practice. The simple and usual 
method for interrupting the arc 
when using direct current is to break 
the cathode-anode circuit by open¬ 
ing the switch Sp. The arc will be 
interrupted also if the anode voltage 
is reduced below the minimum re¬ 
quired to maintain ionization. 

The potential required on the grid 
of a thyratron to permit the recti¬ 
fying arc to start depends on several 
factors. These factors are the size 
of the openings of the grid, the gas 
or vapor pressure within the tube, 
the general geometry of the tube, the 
grid ciu-rent and circuit resistance, 
and the potential applied to the 
anode. The voltage conditions for starting the arc depend to a large 
degree on the structure of the grid. Thus with a fine-mesh grid (small 
hole or holes) a positive potential must be applied to the grid to start 
gaseous conduction, whereas with a coarse grid (large hole or holes) the 
arc may start with a negative potential on the grid. For the range of 
gas pressures used on thyratrons the low pressures require a higher po¬ 
tential gradient to start the arc. The positive potential on the anode 
determines the electric field within the tube, and hence the “pull” upon 
the electrons. Thus a high initial positive voltage on the anode will re¬ 
quire a more negative potential on the grid to prevent the formation of 
an arc. For a given tube, there is a certain ratio of anode volts to 
grid volts at which the tube will “fire.” This ratio is called the grid- 
control ratio. It can be expressed as 




Fig. 9. Grid action in a thyratron. 
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and it bears a resemblance to the amplifying factoy mu of the vacuum 
triode. The grid-control characteristics of thyratrons from which the 
grid-control ratio can be obtained are illustrated in Fig. 10. The grid- 
control ratio for a tube with the characteristic A is cy/dy, and this 
ratio will be nearly constant along the linear portion of the curve. 

Thyratrons may be classified by the sign of the grid-control voltage 
that permits the starting of the 
tube. A negative-control tube 
is illustrated by curve A of Fig. 

10 where a negative potential 
must be applied to the grid to 
prevent starting for all values 
of anode potential within the 
range of operation. For a sim¬ 
ilar reason, curve C represents 
a tube having a positive con¬ 
trol. Curve B of Fig. 10 repre¬ 
sents a tube of the intermedi¬ 
ate-control class. This tube 
requires a positive grid for 
starting for anode voltages up 
to point X and a negative grid 
for higher values. This class of tube has a short deionization time and 
is used for inverter circuits. 

The thyratron is a ‘^naturaP^ for use on a-c circuits. If the grid is 
given a potential sufficiently positive so that the tube will conduct for 
all values of anode potential (above ionizing potential), the tube will 
rectify all positive loops of a-c potential exactly like a gaseous diode. 
However, if the potential of the grid of the thyratron is controlled in a 
suitable manner the thyratron may be made to conduct current or to 
stop current at will. This follows because the a-c voltage passes 
through zero twice during each cycle and is negative for half of each 
cycle. Thus if the grid of the thyratron is brought to the critical 
value, as determined by the grid-control ratio, the arc is struck each 
time the anode voltage becomes positive, but, if the grid voltage is 
lowered (made more negative), the current will stop at the end of the 
positive anode-voltage loop. Then when the anode voltage becomes 
positive on the next and succeeding cycles, the tube does not ‘‘lire.’^ 
This simple grid control for starting and stopping current rectification 


Anode volts 



Fig. 10. Anode grid-voltage characteristic 
of thyratrons. 
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in the anode circuit has given rise to the term ‘‘trigger tube” for the 
thyratron. The operation of the thyratron on alternating current is 
illustrated in Fig. 11. The grid voltage necessary to stop conduction 
for any given anode potential is given by the grid-control character¬ 
istic on the left. The necessary restraining values can be referred 
to the impressed a-c voltage cycle as shown by the graphical construc¬ 
tion of Fig. 11. The curve Co shows the necessary values of grid po¬ 



tential to prevent conduction for corresponding values of positive anode 
potentials. For a complete “stop” current, the grid must have a nega¬ 
tive value greater than the maximum of the Co curve. 

The Co curve of Fig. 11 suggests that the grid control of the thyratron 
may be used to control the magnitude of the rectified current as well 
as for “on” and “off” operation. Thus if the grid is held sufficiently 
negative until a certain part of each positive anode-voltage loop is 
reached, the tube will fire and conduction will occur for the remainder 
of each positive half of the cycle. The grid may be made to exercise 
this form of control in two ways, known as amplitude control and 
phase-shift control. Amplitude control is brought about by applying 
a negative bias to the grid as illustrated in Fig. 12. For the bias shown 
under a the thyratron conducts current beginning at point X and the 
area of the rectified current loop is reduced slightly. An increase in the 
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bias to the value shown under 6 will permit the t\ibe to fire at point 
Y so that the magnitude of the rectified current has been reduced to 
one-half the normal value. Values of negative bias between those 
shown will give other magnitudes of current. Obviously, this is a very 
dimple method of controlling current values but it has some limitations 
and disadvantages. First, the maximum reduction in magnitude is 
one-half value (one-fourth cycle). This maximum reduction is critical 



because the firing point depends on both the grid and anode potentials 
and a temporary decrease in anode voltage might cause the tube to skip 
some cycles. For like reasons changes in anode potential, thermionic 
emission from cathode, and changes in temperature will vary the firing 
point, and hence the control of the current magnitude for a given grid- 
bias setting may not be sufficiently exact for some applications. 

A more exact timing and firing of the thyratron can be secured by 
phase-shift control. In this method an a-c voltage derived from the 
anode supply line is applied to the grid. The phase of the grid voltage 
is shifted with respect to the anode voltage by suitable means, giving 
results as shown in Fig. 13. If the grid voltage eg is “in phase” or ahead 
of the anode voltage as shown in part a, the tube fires as soon as the 
positive loop of the anode potential reaches the ionizing voltage and 
the complete loop is rectified. A delayed shift of the grid voltage eg as 
shown in part h will cause the rectification ta begin at the end of one- 
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third of the positive loops. A further shift in the grid voltage will de¬ 
lay the firing to a point near the end of the positive loop, as illustrated 
in part c. A shift of the grid potential from “in phase” to a lag of 180 
degrees will permit a control from “full” to zero magnitude of current. 
Any change of anode voltage will be reflected in a change in grid 
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voltage and in the value of the Co curve so that the^ period in the cycle 
where the firing occurs will remain nearly constant. For some appli¬ 
cations it is advantageous to superimpose the controllable a-c shift com¬ 
ponent of the grid voltage upon 
a normal grid bias, as shown in 
Fig. 14. Here the grid bias is 
made sufficiently negative to pre¬ 
vent the tube from firing if the 
a-c grid potential is not applied. 

Since the grid is always nega¬ 
tive, the power required for the 
grid input is reduced to a very 
low value. Another useful com¬ 
bination of a-c and d-c grid volt¬ 
ages for firing thyratrons is to 
use an a-c voltage component 
with a fixed phase shift (such as 
90 degrees) and then control the 
firing angle by a variation of the d-c bias (vary the grid bias in 
Fig. 14). 

The phase shift for the grid circuits of thyratrons and other elec¬ 
tronic devices may be produced by mechanical devices or by simple 
circuits, one of which is illustrated in Fig. 15. The theory of this 
phase-shifting circuit is illustrated in the vector diagram of Fig. 15. 
The a-c voltage impressed across the cathode-anode circuit is in phase 



Fia 14. Phase-shift control superim¬ 
posed upon a normal grid bias in a 
thyratron. 



Fio. 15. Simple phase-shift circuit and vector diagram. 


with that across points A and P. With a very high value of resistance 
R, the point G on the vector diagram will show voltage CO (cathode- 
to-grid) nearly in phase with that across the cathode-anode circuit. 
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Now as R is reduced, the magnitude and phase of AP remains un¬ 
changed but the position of G will swing clockwise on the arc of a circle, 
thus throwing the cathode-grid voltage out of phase with the cathode- 
anode voltage and making possible a 180-degree phase shift. For all 
positions of shift the magnitude of CG remains constant. A condenser 
may be substituted for the inductance of Fig. 15 to give another simple 
phase-shifting circuit. In making this change, the relative positions of 
R and C must be interchanged in order to retain a lagging phase shift. 

Some small-capacity thyratrons have cathodes of 
the filament type as in vacuum tubes. For the larger 
thyratrons there are two objections to this type of 
cathode. In the first place, the filament has a large 
heat loss and is very inefficient. In the second place, 
the voltage drop between the ends of filament reduces 
the available range of the cathode-anode potential 
drop. The neutralization of the negative space charge 
by the presence of positive ions permits a greater dis¬ 
tance between cathode, grid, and anode and also makes 
possible the confinement of the cathode in a small 
space or in a heat-insulated oven. Several examples 
of cathodes used in thyratrons are illustrated in Fig. 
5 and an additional shield and heater type is shown 
in Fig. 16. 

The grids of thyratrons are placed farther from the 
vacuum tubes to make the grid control more effective 
grid at a lower temperature so that grid emission will 
not render the control ineffective. Several types of grids have been 
used in thyratrons. Grids in early tubes were hollow cylinders with 
one end closed. The walls of the cylinders consisted of (1) a wire mesh, 
or (2) sheet metals with small holes for the passage of electrons and 
ions (parts a and b, Fig. 17). The basic type for the grids used today 
consists of a hollow metal cylinder with open ends but closed by a baffle 
near the center. The anode and cathode are placed within the cylinder, 
the former above the baffle and the latter below. Holes for the passage 
of electrons and ions may be placed in the sides of the grid cylinder or 
in the baffle plate only (parts c and d, Fig. 17). For thyratrons in 
metal enclosures, the enclosure itself constitutes the grid structure. 

Inert gas such as argon, xenon, or mercury vapor is used in thyratrons 
at pressures varying from 1 to 50 microns (a micron is 10”^ meter of 
mercury). It is essential that the gas be pure. In normal operation 



Fig. 16. Heater 
type of cathode 
used on thyra¬ 
trons. 

cathode than in 
and to keep the 
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of a mercury-vapor arc there are 10+^® to 10+^^ io^s present per cubic 
centimeter. The gas in the tube aids in carrying the heat away from 
the anode. 

Thyratrons are built in many sizes and ratingS, Those of low capac¬ 
ity are contained in glass tubes and use inert gas. Those of large 
capacity are contained in metal 
tubes and use mercury vapor. It 
is possible to build thyratrons 
with current ratings as high as 100 
amperes and with voltages up to 
100,000. However, for large cur¬ 
rent capacities it has been found 
preferable to use other types of 
tubes to carry the load current 
and to utilize the thyratron for 
controlling the second tube. A 
miniature thyratron for control is 
illustrated in Fig. 18. The con¬ 
struction, rating, and character¬ 
istics of two typical larger thyra¬ 
trons are given in Figs. 19 and 20. 

The efficiencies of thyratrons in 
voltage ratings of 500 and up are 
of the order of 97 per cent, which 
is excellent compared with other 
electrical machines and devices. 

The precautions previously 
stated regarding the operation of 
mercury-vapor diodes should bo 
observed in the use of thyratrons. 

The cathode should be brought up 

to normal operating temperature before voltage is applied to the anode 
to prevent cathode sputtering. The output current must not exceed 
the emission current. The cathode-anode voltage must be kept below 
the disintegrating potential for the cathode (about 28 volts). Both the 
current output and the cathode-anode voltage should be limited by a 
suitable load impedance. 

It is usually necessary to place a resistor in the grid circuit of three- 
electrode thyratrons. There are a number of reasons for this practice. 
Since the grid lies within the path of the electron and ion flow, a fairly 



Fio. 17. 


Grid structures for thyra¬ 
trons. 
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large current may flow in the grid circuit for the tube that requires a 
positive grid or for any tube during the ionization period. When an 
a-c voltage is impressed across the grid, a grid current flows because 
of a rather large interelectrode capacity between the cathode and grid. 
Grid current in the thyratron produces some heating, changes the in¬ 
put impedance to the grid, and is likely to interfere with the operation 




D-c control 
grid voltage at 
start of discharge 
in volts 


GENERAL CHARACTERISTICS 


Number of electrodes 
Electrical Design 

Cathode—indirectly heated type 
Voltage 

Current, approx 
Heating time, typical 
Peak voltage drop, typical 
Average anode-to-control-grid capacitance 

Mechanical Design 
Net weight, approx 
Operating position—any 
Maximum overall length 
Maximum overall diameter 

Maximum ratings 

Maximum peak anode voltage 
Inverse 
Forward 

Maximum anode current 
Instantaneous 
Average 

Maximum time of averaging anode current 
Ambient temperature hmits 


6.3 volts 
0.15 amp 

10 sec 

11 volts 
0.1 /XMf 


H ox 

IHin. 
‘He in. 


500 volts 
500 volts 

100 ma 
20 ma 
15 sec 
-40° to +80° C 


Fio. 18. Miniature thyratron GL-5663. (Courtesy General Electric Company.) 


of the grid-control circuit. Grid series resistors have magnitudes in 
the range of % to 2 megohms. 

The thyratron with three electrodes has certain limitations somewhat 
similar to those of the vacuum triode which can be overcome through 
the use of a fourth electrode called a shield grid corresponding to the 
screen grid in the vacuum tetrode. The shield grid is usually a hollow 
metal cylinder containing two circular disk baffles as shown in Fig. 21. 
Each baffle contains a hole for the passage of electrons and ions. The 
control grid is a small ring placed in the conduction path midway be¬ 
tween the baffles of the shield grid. The shield grid is maintained at 
a constant d-c voltage which tends to stabilize operation and to give 
the desired grid-control ratio. 

The shield-grid construction serves to minimize grid current from a 
variety of causes and to permit satisfactory operation of the tube in a 
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high-impedance grid circuit. These advantages are accomplished in 
three ways. First the shield grid reduces both the anode-to-control- 
grid and the control-grid-to-cathode interelectrode capacity. The 
former is important in thyratron circuits since the steep wave-front 
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D- c grid voltage at 
start of discharge in volts 


GENERAL CHARACTERISTICS 


Number of Eleotrodee 


3 


Eleetrieal Design 
Cathode—^filamentary 
Filament voltage 
Filament current, approx 
Heating time, typical 
Peak voltage drop, typical 
Approximate control ^aracteriatica 
Anode voltage 40 100 

Control-grid voltage 0 —2.25 

Anode-to-control-grid capacitance 
Deionisation time, approx 
Ionisation time, approx 


2.5 volts 
5.0 amp 
5 sec 
16 volts 

1000 volts 
—6.5 volts 
4.4 uui 

1000 !^C 
10 Msec 


Maximum ratings 


Maximum peak anode voltage 
Inverse 
Forward 

Maximum negative grid voltage 
Before conduction 
During conduction 
Maximum anode current 
Instantaneous, 25 cycles and above 
Instantaneous, below 25 cycles 
Average 

Surge, for design only 
Duration of surge current 
Maximum grid current 
Instantaneous 
Average 

Maximum time of averatpug current 
Temperature limits, ambient -1-40'* 


5000 volts 
2500 volts 

500 volts 
10 volts 

2.0 amp 
1.0 amp 
0.5 amp 
40 amp 
0.1 sec 

0.25 amp 
0.05 amp 
15 sec 
to -1-80® C 


Fiq. 19. Thyratron FG-17. (Courtesy General Electric Company.) 


transients frequently encountered in these circuits may be transmitted 
to the control grid through this capacity causing premature firing. The 
reduction in the cathode-to-control-grid capacity is of lesser impor¬ 
tance though it does reduce the grid current input where a-c potentials 
are applied. The second advantage of the shield grid is its action in 
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shielding the control grid from contamination and temperature. The 
shielded position reduces the amount of material evaporated or sput¬ 
tered from the cathode and anode which may become deposited on the 
control grid. Also the shielded position reduces the radiated heat 


GENERAL CHARACTERISTICS 



Number of Electrodes 


3 


Electrical Design 

Cathode—indirectly heated type 

Heater voltage 5.0 volts 

Heater current, approx 20 amp 

Heating time, typical 5 min 

Tube voltage drop, typical 16 volts 

Approximate starting characteristics 

Anode voltage 1,000 10,000 250 approx volts 

Control-grid voltage —1.5 —4.5 0 volts 

Deionization time, approx 100 /isec 

lomzation time, approx 20 /isec 


Maximum Ratings 

Maximum peak anode voltage 
Inverse 
Forward 

Maximum negative control-grid voltage 
Before conduction 
During conduction 
Maximum anode current 

Instantaneous, 25 cycles and above 
Instantaneous, below 25 cycles 
Average 

Maximum control-grid current 
Instantaneous 
Average 

Maximum time of averaging current 
Temperature limits, condensed mercury 


10,000 volts 
10,000 volts 

1,000 volts 
15 volts 

75 amp 
25 amp 
12.5 amp 

5.0 amp 
1.0 amp 
30 sec 
40® to 65® C 



D>c grid voltage 

Fig. 20. Thyratron FG-41. (Courtesy General Electric Company.) 


and lowers the temperature of the control grid which, in turn, reduces 
grid emission. A third advantage of the shield grid is to permit the 
use of a small control grid which reduces both its emission current and 
any current arising from the interelectrode capacity. It should be 
noted that the shield-grid current does not pass through the control- 
grid circuit. 




THYRATRONS 

GENERAL CHARACTERISTICS/ 


Electrical Design 

Number of electrodes 
Cathode type—^indirectly heated 
Voltage 

Current, approx 
Heating time, typical 
Peak voltage drop, typical 
Approximate starting charaoteristios 
Anode voltage 
Shield-nid voltage 
Control-grid voltage 
Anode to control-gnd capacitance 
Deionisation time, approx 
Ionisation time, approx 

Maximum Ratings 
Maximum peak anode voltage 
Inverse 
Forward 

Maximum negative control-grid voltage 
Before conduction 
During conduction 

Maximum negative shield-grid voltage 
Before conduction 
During conduction 
Maximum anode current 

Instantaneous, 25 cycles and above 
Instantaneous, below 25 cycles 
Average 

Surge, for design only 
Duration of surge current 
Maximum control-grid current 
Instantaneous 
Average 

Maximum shield-grid current 
Instantaneous 
Average 

Maximum time of averaging current 
Temperature limits, condensed mercury 
Recommended temperature, condensed 
mercury 


4 


5.5 

11.0 

6.0 volts 
10.0 amp 
5 min 
16 volts 

100 

0 

+ 1.0 

2000 volts 
0 volts 
— 14.0 volts 
0.07 MMf 
1000 iisec 
10 Aisec 

750 

760 

2000 volts 
2000 volts 


1000 volts 
10 volts 


300 volts 
5 volts 

77 

2.5 

40 amp 
13.0 amp 
6.4 amp 
400 amp 
0.1 sec 


1.0 amp 
0.25 amp 


2.0 amp 
0.50 amp 
15 sec 


+30® to +95® +40® to +S0® C 

+40® C 
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Fig. 21. Shield-grid thyratron FG-172. (Courtesy General Electric Company^ 
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The thyratron is one of the most useful control devices invented in 
the twentieth century. Its applications are too numerous to mention. 
In one application it serves as a relay. A small change of potential 
on the grid starts or stops a rectified current which is performing some 
useful function. A constant temperature is maintained in an electric 
furnace or oven by a thermostat which controls the phase shift or the 


Peak anode voltage, mas 8.0 kv 

Peak anode current, max 90 amp 

Peak inverse anode voltage, mas 6.0 kv 

Average anode current, max 100 ma dns 

Pulse duration (measured at H amplitude), max 6.0 Ataec 
Pulse repetition frequency, max 4000 pps 


Fio. 22. Hydrogen thyratron. (Courtesy Sylvania Electric Products, Inc.) 

on-and-off potential on the grid of the thyratron which furnishes 
rectified current to the device. Lighting circuits may be dimmed or 
lighted slowly or turned on and off by thyratrons. Here the thyratron 
varies the flux (saturation) in an iron-core reactor which is in series 
with the lighting circuit. The armature of a d-c motor may be sup¬ 
plied with direct current rectified by a thyratron, and the starting, 
stopping, and speed control may be governed by the voltage phase 
shift on the grid of the tube. The grid circuits of thyratrons may be 
energized by light falling upon a photocell. 

An important factor in the use of the thyratron as a trigger tube is 
the time required for ionization and deionization. Ionization time for 
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commercial thjrratrons varies from 10 to 20 microseconds and the de^ 
ionization time from 100 to 1000 microseconds. While these periods 
appear to be short, they are long enough to limit the use of the thyra- 
tron for many high-frequency applications. It is possible to reduce 
the ionization time for mercury-vapor thyratrons by using peaked grid 
voltages of relatively large magnitude for firing the tube. Where very 
short ionization and deionization time is important the hydrogen thyra- 
tron may be used. 

The hydrogen thyratron is a hot-cathode grid-controlled gas rectifier 
tube developed during World War II for pulsing service at high 
repetition frequencies, high peak currents, and high voltages. Its out¬ 
standing feature is the short deionization time required to convert the 
gaseous ions (hydrogen) to neutral molecules when the tube is shut 
off.' This action results from the relatively small mass of the hydrogen 
molecule. Another advantage of the tube is that it may be operated 
over a wide range of ambient temperatures without significant change 
in electrical characteristics. The hydrogen thyratron has been applied 
in high-frequency and pulsing service but may find other applications 
where its characteristics are useful. A commercial hydrogen thyratron 
and its rating are shown in Fig. 22. 

Load Current Values in Thyratron Circuits. In the application of 
thyratrons it may be desirable to know the average or effective values 
of the current in the load circuit for different values of the firing angle. 
If the assumption is made that the impressed a-c voltage has a sine 
wave and the load is purely resistive, the methods of the calculus may 
be employed. The average current (direct current) for any given 
firing angle will be proportional to the area imder the rectified current 
wave divided by the base for one cycle. The area under the curve is 


^$2 

Area — I sin ffdff 

Jfi 


and the average value in terms of Im is 


Average value == 


area 


Obviously, suitable mathematical manipulations must be applied to 
care for different firing angles and to care for partial half-wave or 
full-wave rectification (using two thyratrons). 

The calculation of effective or rms values requires that the y ordi¬ 
nates of the sine wave be squared in determining the effective area. 



284 


GASEOUS AND VAPOR ELECTRON TUBES 


and then the square root of the average must be obtained. The process 
involves the following approximate steps. 


Effective area 


p$2 

Joi 


Ijsbx^edd = IJ 


Effective current 




effective area 


2ir 


sin 20'Y^ 
4 L 


Calculations based on the preceding suggestions give the results 
shown in Table 1 for various firing angles and for the use of half- and 


TABLE 1 


Firing 

Angle 

(delay 

FROM 

2^EBO 

One Thtratron (half-wave) 

Two Thyratrons (full-wave) 

Average 

Effective 


Average 

Effective 


value in 

(rms) in 

^ . average 
Ratio —z —:— 

value in 

(rms) in 

_ average 

Ratio “Ti- 

time) 

terms of 
Im 

terms of 
Im 

effective 

terms of 
Im 

terms of 
Im 

effective 

0 

0.318 

0.500 

0.635 


0.707 

0.900 

15 

.313 

.498 

.630 1 

.626 

.705 


30 

.297 

.489 

.610 

.594 

.695 

.855 

45 

.272 

.475 

.573 

.544 

.672 


60 

.239 

.448 

.532 

• .478 

.632 

.755 

75 

.200 

.405 

.495 

.400 

.572 


90 

.159 

.354 

.450 

.318 

.500 

.035 

105 

.118 

.290 

.407 

.236 

.410 

.575 

120 

.080 

.222 

.360 

.100 

.313 

.512 

135 

.0466 

.152 

.307 

.093 

.214 


150 

.0213 

.085 

.250 

.043 

.121 

.355 

165 

.0054 

.033 

.165 

.011 

.0434 


180 

0 

0 

.... 

0 

0 



full-wave rectification on single-phase alternating current. The data 
of this table are partially summarized in convenient form in the curves 
of Fig. 23. These curves show, for instance, that a firing angle of 60 
degrees is required to reduce the average current by 25 per cent and 
120 degrees for a 75 per cent decrease. If suitable instruments are lo¬ 
cated in the load circuit to determine the average and effective cur¬ 
rent, the firing angle can be determined approximately. Thus a 0.5 
ratio of average to effective current will indicate a 120-degree firing 
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Fia. 23. Effect of variation of firing angle in thyratron circuits. 


angle. The use of an oscillograph will give a more direct and accurate 
answer. 

Mercury-Pool Tubes. A mercury-pool tube uses a pool of cold 
mercury for a cathode. The conducting medium consists of emitted 
electrons plus ions produced in the mercury vapor. The conduction 
due to the mercury vapor is of the arc-discharge type. Since electrons 
are not readily extracted from a cold metal, some special means must 
be employed (1) to initiate and (2) to maintain an emission of elec¬ 
trons from the mercury pool. Two general methods are employed 
for initiating the electron emission, one mechanical and one electrical. 
In the application of mechanical methods an auxiliary anode is caused 
to touch the mercury pool for an instant. This may be accomplished 
(1) by tipping the tube so that the liquid mercury flows to a point 
where cathode and anode are brought in contact, (2) by moving the 
anode so as to dip into the mercury pool, or (3) by squirting the liquid 
mercury upward so that it contacts an auxiliary anode momentarily. 
In any of these processes the momentary contact between the mercury 
(cathode) and anode causes a transient current followed by a spark 
and perhaps a small arc which results in an initial emission of electrons 
from the mercury. One electrical method for starting electron emission 
is to place an auxiliary anode (called an ignitor) so that its point dips 
into the mercury. Then a transient current from point to mercury 
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produces a spark for starting emission. In some mercury-arc lamps a 
very high transient electric field has been created close to the mercury 
pool by an inductive voltage ^'kick.” This transient field has been 
suflScient to cause a breakdown and start of emission on the glow-dis¬ 
charge principle. After the emission of electrons is initiated the main¬ 
tenance of emission depends on additional theoretical considerations. 
As soon as electron emission is initiated, the electrons are attracted 
toward the main anode and produce ionization. An arc develops and 
the plasma of positive ions fills most of the space between the anode 
and the mercury pool. The current seems to originate at one or more 
hot spots on the mercury pool. The hot spots look like little craters 
on the surface of the pool and they travel about over various paths or 
eddies. The craters are formed by the bombardment of the positive 
ions on the mercury. At first it was assumed that the temperature 
of the hot spots was sufiicient to produce thermionic emission from the 
mercury. This concept has been abandoned because the temperature 
necessary for thermal emission would vaporize all the mercury and 
that does not happen. Accordingly, the theory that has rather general 
acceptance is that the positive ions form a very high positive space 
charge just above the mercury. The resulting sheath between the 
mercury and plasma is so thin that the electric field in this sheath is 
sufiicient to secure emission through the principle of high-field emission. 

One important advantage of all mercury-pool tubes is that the mer¬ 
cury cathode is capable of furnishing enormous emission temporarily 
without damage. Thus the tube will withstand temporary overload 
and even short circuit without destruction of the cathode. The mer¬ 
cury vapor condenses on the walls of the tube and returns to the pool. 

One type of mercury-pool rectifier has been used since the early 
part of this century. This device and its circuit are shown in Fig. 24. 
The tube was built with two anodes for full-wave rectification. The 
glass enclosure had a large upper chamber to provide cooling area. 
The arc was started by tilting the tube so that the mercury could con¬ 
tact the auxiliary starting anode. These tubes had a maximum capac¬ 
ity of about 30 amperes and were widely used for charging storage 
batteries. A few tubes of this type are still in service for rectifying 
alternating current for use on series d-c street-lighting systems of the 
luminou6-arc type. These early pool-type rectifiers had four disad¬ 
vantages: (1) They had a fragile glass envelope; (2) they were not 
suited to the dissipation of heat; (3) they were limited in current 
capacity; and (4) their rectified voltage and current waves had wide 
fluctuations and were not suitable where a smooth flow of d-c power was 
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desired. These disadvantages led to the development of the water- 
cooled metal-tank multielectrode rectifier. 

Multielectrode Metal-Tank Rectifier. The multielectrode rectifier 
was introduced into the electric-power field about 1925. This rectifier 
consists of a large cylindrical steel tank surrounded by a water-cooled 
jacket (Fig. 25) and evacuated to a pressure of one-millionth of an at¬ 
mosphere. The cathode consists of a pool of mercury at the bottom 
(Fig. 26). There are from six 
to eighteen main anodes, like 
the one shown at the left of 
the figure. It consists of a 
graphite cylinder connected to 
the outside through an insulat¬ 
ing bushing in the wall of the 
tank. The main anodes are 
placed in a cylindrical insulat¬ 
ing shield. The value of us¬ 
ing multielectrodes is twofold. 

First, electricity is transmitted 
most economically by multi- Fiq. 24. Full-wave mercury-arc rectifier, 
phase circuits (usually three- 

phase), and, secondly, the multiphase rectifier gives a smoother out¬ 
put. The latter statement is illustrated by the rectified wave forms of 
Fig. 26. The single-wave, three-phase circuit gives a more desirable 
output wave, and the additions of more phases and anodes will increase 
the number of ripples but reduce their magnitude. A three-phase sup¬ 
ply may be split into six, twelve, and eighteen phases by suitable trans¬ 
former connections. The steel-tank, mercury-arc rectifier is a very 
rugged device, effectively cooled by water for any desired Capacity and 
designed to give a smooth voltage, current, and power output. 

The steel-tank rectifier is started by the small central starting anode 
(Fig. 26) which can be lowered into the mercury and then withdrawn 
by an electromagnet. The breaking of the mercury contact on with¬ 
drawal strikes the arc which is then “picked up” by one of the main or 
auxiliary anodes which has the highest positive potential at that in¬ 
stant. The various main anodes will pick up the arc in rotation as they 
become sufficiently positive and maintain it xmtil the load is taken 
over by another of higher positive potential. The output current at 
any instant is the arithmetic sum of the current of all anodes. Theo¬ 
retically, only one anode having the highest positive potential would 
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be expected to carry the load current at a given instant. In practice 
the inductance in transformer windings in series with the anodes 
causes an anode to carry current for a time after a succeeding anode 
begins to conduct. Hence in practice, two or more of the multianodes 



Fia. 25. Steel-tank mercury-arc rectifier. (Courtesy Allis-Chalmers Manufactur¬ 
ing Company.) 


may be carrying part of the load current simultaneously. In the use 
of the multielectrode rectifier, the rectified d-c load may go to zero, 
which would extinguish the arc and make it necessary to re-establish 
ionization whenever the load returns. To avoid this contingency, one 
or more auxiliary anodes (see right side of Fig. 26) are constantly 
energized through a circuit independent of the load and they serve to 
keep gas ions present in the tank continuously. The continuous pres¬ 
ence of gas ions in the arc chamber introduces a problem in the opera¬ 
tion of the multielectrode rectifier. When any one of the multianodes 
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has a negative inverse voltage on it, it repels electrons and, theoreti¬ 
cally, its current goes to zero, but positive ions may be present near it 
due to electrons en route to an adjacent anode. These positive ions 
will be attracted to the first anode and their bombardment may pro¬ 
duce a hot spot on the anode which will emit electrons. Then this 
anode becomes a cathode and a reverse arc starts which will become a 




Fig. 26. Cross section of a stee^-tank mercury-arc rectifier and rectified wave 
forms from simple and multiphase rectifiers. (Courte^ Allis-Chalmers ^lanu- 

facturing Company.) 


short circuit from anode to anode in the rectifier. Such a short circuit 
is called an “arc-back” or a “flash-back” and it will open the protective 
equipment and cause a shutdown. 

The tendency toward arc-back is greatly reduced by the presence of 
a cylindrical shield placed around each anode. When the anode is 
positive, positive ions may be formed within the shield. However, as 
the potential falls to zero the positive ions are drawn out of the shield 
toward the cathode pool at the bottom of the tank or deionized by the 
shield. Hence the space within the anode shield becomes deionized and 
there is little tendency for arc-back. Occasional arc-backs do occur 
in the multielectrode mercury-arc rectifier. 

The principle of grid control as used in other electronic devices may 
likewise be employed in the multianode rectifier. Here the grid is 
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placed within the grid shield chamber and close to the anode (see Fig. 
26). In this position the grid can control the time of the starting of 
electron flow to the anode on each positive voltage wave. A negative 
voltage on the grid prevents starting, and the time when the grid 
potential changes to zero or positive may be controlled through a 
phase shift of the voltages supplied to the rectifier. This grid action 
controls the rectified output voltage and may be used to control output 
current for special applications. 

The multielectrode steel-tank rectifier is widely used for large-power 
d-c applications. Over 3,000,000 kilovolt-amperes of these rectifiers 
are in service. The important applications are electric railway service, 
electrolytic processes in industry, and motive power in steel mills. The 
advantages of these units over rotary types of conversion are (1) simple 
and rugged construction, (2) long life, (3) high overall conversion effi¬ 
ciency, (4) high momentary overload capacity, and (5) quiet operation. 
Certain disadvantages of the multielectrode tank rectifier are causing it 
to be superseded by the single-anode type described on the following 
pages. These disadvantages are: (1) There is a greater possibility of 
arc-backs due to several anodes in the same arc chamber. (2) The 
multianodes require large spacing between cathodes and anodes with 
correspondingly higher arc drops and reduced efficiency. (3) The dam¬ 
age to any anode or part causes the entire unit to be taken out of serv¬ 
ice for repairs. 

# Excitron Single-Anode Rectifier. The excitron is a single-anode 
rectifier embodying the same general principles of construction and 
operation as outlined for the multianode unit, A cross section of an 
excitron unit is shown at the top of Fig. 27. The unit is placed in 
operation by a small jet of mercury thrown upward upon the excita¬ 
tion anode by the arc-starting device. As the mercury falls away a 
pilot arc is initiated and maintained by the d-c supply from the sele¬ 
nium rectifier and control circuit illustrated in the lower part of Fig. 27. 
The anode is surrounded by a grid consisting of a perforated graphite 
cylinder which serves to time the period of current rectification. Grid 
action also combines with the restraining influence of baffles to prevent 
arc-backs due to inverse voltages. Arc-back from one main anode to 
another (as in multianode rectifiers) cannot occur. 

Excitrons may be used in groups of three, six, twelve, or eighteen 
as required to serve the same as the multianode units. The indi¬ 
vidual units are rather light in weight and are easily installed and re¬ 
paired. Since the anodes are closer to the cathodes the arc drop is 
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lower and the efficiency is from 3 per cent to 4 per cent higher on out¬ 
put potentials of 250 to 300 volts. • 

Ignitron. The ignitron is a type of three-electrode mercury-vapor 
tube developed by Slepian and Ludwig in 1932. The name ignitron 
was derived from the novel method of igniting or starting the arc in 
this mercury-vapor tube. The ignitron has a graphite anode in the 
form of a disk or cylinder. Its cathode consists of a pool of mercury 
placed at the bottom of the tube. The third electrode, called the 
ignitor, terminates in a point which dips into the pool of mercury (Fig. 

28). The ignitor may be a rod of 
ceramic material such as silicon 
carbide or one having a graphite 
center with a boron carbide coating. 

The theory of operation of the 
ignitron is simple. With a voltage 
placed across the cathode-anode 
circuit (anode positive) nothing 
happens because there are no elec¬ 
trons emitted from the cold mercury 
cathode. However, if a flash of 
current is passed through a circuit 
connecting the ignitor and cathode 
a spark will be created at their 
contact. This spark will produce some emission, and ionization of the 
mercury vapor will result. The arc thus established will continue as 
long as a suitable potential is maintained in the anode-cathode path. 

The phenomena accompanying the development of the arc in the 
ignitron consist of two parts. The mercury does not come into inti¬ 
mate contact with the rough surface of the ignitor which consists 
(microscopically) of a number of sharp points. The flash of voltage 
across the ignitor-cathode circuit causes a potential gradient of ap¬ 
proximately one million volts per centimeter across the point con¬ 
tacts, which is high enough to pull electrons out of the cold mercury. 
Simultaneous with this initiation of electron emission, the rise of cur¬ 
rent through the high resistance rod of the ignitor produces a potential 
gradient between the surface of the mercury and the top of the rod. 
This electric field accelerates the emitted electrons upward to ioniza¬ 
tion, and the development of an arc to the ignitor terminal which, in 
turn, is transferred upward to the anode (if positive). 

The ignitron finds its application as a controlled rectifier for alter- 
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nating currents. Since the rectified anode currmt will go to zero each 
time the negative voltage loop is applied, it is necessary to ignite the 
tube for each positive cycle. This result can be obtained by the circuit 
given in Fig. 29. The hot-cathode diode in the auxiliary circuit con¬ 
ducts current as soon as its anode reaches the ionizing potential. 
This current passes through the ignitor, causing it to fire the ignitron 
since its anode becomes positive at the same time. When the ignitron 
fires, its arc-drop or cathode-anode potential falls to a low value of 
about 12 volts. This lowers the voltage across the series auxiliary 



rectifier 


Pra. 29. Anode firing circuit for an ignitron. 


circuit, consisting of rectifier, series R, and resistance at ignitor, so 
that the current in this circuit becomes very low or falls to zero. 

The output of the ignitron may be regulated by controlling the 
time phase of firing or igniting. One method for accomplishing this 
control substitutes a thyratron for the diode rectifier in Fig. 29. The 
desired time of firing the ignitron is secured by either amplitude con¬ 
trol or phase-shift control of the thyratron. Another method of firing 
and controlling the output of the ignitron utilizes special electrical net¬ 
works having “trigger” action. 

Ignitrons are often fired by the discharge of a condenser using some 
form of trigger circuit for initiating the discharge. One reactor-excita¬ 
tion circuit of this type is shown in Fig. 30. This circuit consists of 
three main parts: The firing circuit proper, a voltage-compensating 
network, and a phase-shifting reactor. In the firing circuit a capacitor 
C is charged through a linear reactor (constant reactance throughout 
range of applied voltage). The capacitor voltage is impressed across 
the ignitor circuit through a saturable reactor and directional filters 
(copper oxide rectifiers, page 318). The saturable reactor becomes 
magnetically saturated when the impressed voltage (and resulting 
current) reaches a predetermined value. At this critical point the re¬ 
actance of the saturable reactor decreases and the capacitor discharges 
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a peak current through the ignitor-cathode circuit along the path 
shown by the arrows. 

The function of the voltage-compensating network (Ci and Li in 
parallel) is to furnish a nearly constant input voltage to the firing cir¬ 
cuit regardless of fluctuation in the a-c supply. Li is a saturating re¬ 
actor so designed that at normal line voltage its lagging circuit is just 
balanced by the leading current of capacitor Ci. If the line voltage 
is too high, the reactor Li begins to saturate and draws an excess mag- 



network 


Fig. 30 . Network for firing ignitrons (bold-face arrows show direction of con¬ 
ventional current flow). 

netizing current. This lagging current passing through the phase- 
shifting reactor (left) produces a quadrature voltage drop and re¬ 
duces the firing-circuit voltage. If the line voltage is low, Li draws a 
small magnetizing current and the stronger leading capacitor-charging 
current in passing through the phase-shifting reactor increases the 
firing-circuit voltage. This voltage-compensating action is so effective 
that the supply-line voltage can vary 50 per cent without ignition 
failure. 

The phase-shifting transformer (often called a saturable reactor) 
has a three-legged iron core with series additive windings on the outer 
legs. With the d-c coil unexcited the series coils are highly inductive 
and will shift the phase of the voltage applied to the firing circuit. If 
sufficient direct current is passed through the coil on the central leg 
to saturate the entire core, the reactance of series windings falls to a 
low value and the phase of the voltage applied to the firing circuit is 
advanced. Intermediate values of direct current will give a corre- 
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spending degree of phase shift which will deteri^ine the time of firing 
the ignitron. 

The a-c supply for this reactor excitation must be the same as that 
applied to the anode-cathode circuit of the ignitron. The circuit of 
Fig. 30 will control single-phase, half-wave rectification. Full-wave 
rectification can be attained by substituting the ignitor-cathode cir¬ 
cuit of a second ignitron for resistor R, 


GENERAL CHARACTERISTICS 


Mercury-pool triode 
Line voltage range 
Tube voltage drop 
Ignitor voltage, max positive peak 
r^uired 

Ignitor current, max peak required 
Ignition time, max 
Net weight 
Shipping weight 


Clamp cooled 
250-600 volts 
12-18 volts 

200 volts 
30 amp 
100 fisec 
1.5 1b 
31b 


Maximum Anode Rating 

Demand at 12.1 average amp * 300 kva 

Demand at 22.4 average amp * 100 kva 

Time of averaging current at 250 volts 22 sec 
Time of averaging current at 500 volts 11 sec 
Current surge peak at 250 volts 3360 amp 

Current surge peak at 500 volts 1680 amp 


Maximum Ignitor Rating 
Voltage, max positive 
Voltage, max negative 
Current, max 
Current, S-sec average 
Max temperature of cooling clamp 


900 volts 
5 volts 
100 amp 
1 amp 
50® C 


* Demand current and kva are on the basis of full- 
cycle conduction (no phase delay) whether or not 
phase control is used. 



Fro. 31. Light-duty ignitron. (Courtesy Westinghouse Electric Corporation.) 


The first ignitrons were encased in glass tubes as shown in Fig. 28. 
Later practice has tended toward building ignitrons in metal envelopes 
in order (1) to facilitate the dissipation of heat, (2) to increase their 
physical sturdiness, and (3) to improve the psychological reaction of 
industry toward the use of these tubes. The metal-encased ignitrons 
may be classified as to type of seal and type of cooling. In the smaller 
size the tube is evacuated and given a permanent seal (see Fig. 31). 
This type may rely on radiation and ordinary convectional circulation 
for cooling. The use of forced air circulation and also the addition of 
cooling fins will increase the rated capacity of these tubes. In the 
intermediate and large sizes the metal tubes are designed for cooling 
by water circulation through copper tubes or helical paths around the 
metal case (Fig. 32). In the large sizes the evacuation of the ignitron 
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is maintained by a mercury condensation pump. Although these 
larger tubes could be built with a permanent seal and thus avoid the 
cost and inconvenience of the evacuation equipment, another factor 
in economy demands the use of the nonseal type. This factor is the 
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For Rectifier Service 


General Characteristics 


Mercury-pool electronic tube—water cooled 
Tube voltage drop 

Ignitor voltage, max positive peak required 
Ignitor current, max peak required 
Ignii ion time, max 

Temp rise, 150 amp average and water flow 
Mounting petition—vertical, cathode down 
Net weight 
Shipping IK eight 


12-20 volts 
150 volts 
40 amp 
100 

1.5 gpm 7° C 

14 lb 
20 lb 


Maximum Ratings to 60 Cycles 
Anode voltage, peak forward and inverse 
Anode current, peak 

Anode current, continuous service, max average 
Anode current, 2-hour service, any 2-min average 
Anode current, 1-min service, any 1-min average 
Anode current, surge, 0.10-sec max 

Auxiliary anode voltage, peak inverse, main anode conducting 

Auxiliary anode voltage, peak inverse, main anode not conducting 

Auxiliary anode current, max average 

Ignitor voltage, max positive peak allowed 

Ignitor voltage, max negative peak allowed 

Ignitor current, max peak allowed 

Ignitor current, max average 10-sec max averaging time 

Cooling water flow, min 

Cooling water temperature max at outlet 

Cooling water temperature min at inlet 

Cooling water temperature range, optimum 

For Welding Service 
Line voltage, rms 

Maximum demand at 75 average anode amp 
Maximum demand at 113 average anode amp 


900 

2109 volts 

900 

600 amp 

100 

75 amp 

150 

112.5 amp 

200 

150 amp 

6000 

45v')0 amp 

25 

25 volts 

150 

150 volts 

5 

5 amp 

900 

2100 volts 

5 

5 volts 

100 

100 amp 

2 

2 amp 

1.5 

1.5 gpm 


60® C 45® C 
10® C 10® C 
20-45® C 20-40® C 


2400 volts 
120 ) kva 
600 kva 


Fig. 32. Heavy-duty ignitron. (Courtesy Westinghouse Electric Corporation.) 


uncertainty covering the life of the sealed unit and a preference for 
the opportunity to take the unit apart for repairs rather than to dis¬ 
card a very large and expensive device. An ignitron of large capacity 
is illustrated in Figs. 33 and 34. 

It is logical to assume that the ignitron should withstand an infinite 
inverse voltage without arc-back. It would seem that all positive and 
negative ions would be swept out of the cathode-anode arc at the con- 
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elusion of the positive-voltage loop, and hence up inverse voltage could 
cause a breakdown. This logical theory was assumed by the early 
investigators of this device, but it has not been proved by practice. 
Occasional arc-backs do occur in ignitrons though they are not dam¬ 
aging to equipment. These arc-backs may be due to tiny hot spots 
which develop on the graphite anode and serve temporarily as emitters. 



Fig. 33, Large-size water-cooled ignitron (with and without outer case). (Cour¬ 
tesy Westinghouse Electric Corporation.) 


In order to improve the arc-back characteristic, baffles may be placed 
in the ignitron as illustrated in Fig. 34. By increasing the length of the 
arc path these baffles reduce the possibility of a reverse flow of current. 
An anode shield or shield grid placed around the anode with suitably 
timed potential will further serve to reduce any tendency to arc-back 
(Fig. 34). 

' There are two important applications of the ignitron in industry. 
The first is in the control of resistance welding—spot, butt, and line 
welding. The second application is for rectification for d-c power ap¬ 
plications. The use of the ignitron has been rather revolutionary in 
making possible new applications of welding because it assures a uni¬ 
formity of results never attained in the past. In this field a combina¬ 
tion of two ignitrons serves as an electronic switch for controlling the 
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time of application of an alternating current in making resistance 
welds. A simplified circuit for performing this function is given in 
Fig. 35. Two ignitrons are connected with reversed polarity in parallel 
with each other and in series with the primary of a welding transformer. 
The two ignitors are connected in series with each other and with a 



Fia. 34. Cross section of a large-capacity ignitron. (Courtesy Westinghouse 

Electric Corporation.) 

timer contact. As long as the timer contact is “open/* neither ignitor 
can be fired and the primary circuit is “open/* being blocked by the 
cathode-anode gaps in the two ignitrons. The welding operation is 
started by the closing of the timer contact which permits current to 
pass through the two ignitors in series along the path indicated by the 
arrows. This current produces a spark at both ignitors and causes 
that tube having a positive anode to fire. After firing, the potential 
across this ignitron and the two ignitors in turn falls to a low value, 
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causing the current through the ignitors to drop to zero. As the 
a-c voltage rises on the next half-cycle, a flash of current will again 
pass through both ignitors and the other ignitron will fire. Thus the 
two ignitrons serve as an ^'electronic switch'^ to pass the alternating 
current through the transformer primary for operating the welder. 
Whenever the timer contact is opened the ignitrons again block the 
circuit. 

• Ignitron versus Thyratron.. Although ignitrons and thyratrons have 
many characteristics in common, they are not competitive in their ap¬ 
plications. The thyratron is essentially a low-current and high-voltage 


Tig. 35. 



^ Welding 
^ f contact 


Circuit for an electronic control switch consisting of two ignitrons. 


device. It can be made in small sizes for many small power applica¬ 
tions. It has the advantage of greater simplicity of control circuits 
and the disadvantages of (1) the continuous use of energy for heating 
the cathode when it is not in use, and (2) the likelihood of damage 
from overload and overvoltage. 

The ignitron is essentially a large-current and a low- or medium- 
voltage device. It is suitable for those applications having high peak 
current and high power requirements where the cost of the complicated 
ignition system does not form an excessive percentage of the total 
cost. The ignitron has the advantage of exceptional sturdiness, and 
it will withstand temporary heavy overloads and even short circuits 
which would ruin a thyratron. The ignitron does not require any 
energy for operating the cathode except that used for the ignitor when 
the tube is supplying rectified current. The energy for operating the 
ignitor is very small since the actual firing current flows for a few 
microseconds. 

Capacitron. Another method of "firing” a mercury-pool rectifier 
uses an insulated conductor placed above the mercury pool. Either a 
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high-frequency field or a high-voltage surge impressed on this con¬ 
ductor will serve to control the time and firing of a pool tube. A device 
using this principle is called the capucitron. The device has little ap¬ 
plication at present. 

Cold-Cathode Tubes. A number of tubes using a cold metal (other 
than mercury) for cathodes have been developed and employed for 
useful purposes. These tubes are filled with inert gas under low pres¬ 
sure and operate on the principle of the glow discharge. They serve (1) 



Classification—recording lamp 
(cold cathode) 


Overall length, max 
Max diameter 
Mounting position—any 
Starting voltage, max 
Operating voltage, max 
Opeiating current 
Frequency range 
Useful lii^t range 


3V,' in. 

1.275 in. 

170 d-o volts 
135 d-c volts 
5-35 ma 
15-15,000 cps 
3500-C500 A 



Fig. 36. Cold-cathode variable-light tube and circuit. (Courtesy Sylvania Elec¬ 
tric Products, Inc.) 


as sources of light, (2) for voltage regulation, (3) for rectification, and 
(4) as “trigger” or control tubes. The glow tube has two cold elec¬ 
trodes and gives forth light (negative glow) when the breakdown volt¬ 
age is applied (see Fig. 8, page 258). If a d-c voltage is applied the 
glow appears on the surface of the cathode, but if a-c voltage is 
impressed the glow appears at both electrodes since each serves alter¬ 
nately as a cathode. With simple flat electrodes lying in the same 
plane and with a constant source of potential the tube serves as a con¬ 
stant source of light and may be used as a signal light, pilot light, and 
test light. The source of light between two electrodes may be varied 
by changing the geometry of the electrode construction. Thus if the 
cathode is a small solid cylinder closely surrounded by a hollow cyl¬ 
inder, the light appears at the ends of the electrodes. The intensity 
of the light produced will vary as the value of the current conduction. 
Thus with proper construction a glow tube may become a modulated 
light source. Such tubes have been used for recording sound on film 
(light on sound track), for early types of television receivers, and for 
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facsimile transmission today. A commercial tube of this type, its rat¬ 
ing, and its circuit are illustrated in Fig. 36. 

For high-speed photography and stroboscopic work special types of 
glow tubes have been developed. One of these tubes (Fig. 37) utilizes 



ClaBsification—Strobotron cold cathode 

Physical 

Overall length 
Seated heigbt, max 
Diameter, max 
Mounting position—any 

Electrical Design Characteristics 
Anode voltage 
Aveiage anode current, max 
Instantaneous anode cunent, min 
Grid No 1 d-c voltage, max 
Grid No 2 d-c voltage, max 
Grid current (max average either grid) 

Electrical Operating Characteristics 

Grid No 2—cathode starting voltage 
Pulse frequency range 

Tube voltage drop 
Glow discharge 
Arc discharge 


4^2 in 
3H in. 
IMe in. 


850 volts, d c 
50 ma 
5 amps 
70 volts 
70 volts 
15 ma 


SO-125 volts 
240 pps 


75 volts 
20 volts 


, Outer grid 
' graphite ring 



Cathode cup containing 
cesium compound 


Fig. 37. Stroboscopic cold-cathode light source. (Courtesy Sylvania Electric 

Products, Inc.) 


a double-grid structure which permits quick firing and gives brilliant 
flashes lasting for only a few microseconds. This tube was developed 
by Germeshausen and Edgerton. The cathode cup contains a cesium 
compound that liberates cesium at a relatively low temperature. 
Breakdown is initiated between two of the electrodes, grid to cathode, 
or grid to grid. Application of this tube is covered in Chapter XVI. 

One important characteristic of the glow-discharge tube is the nearly 
constant voltage drop for a wide range in current variation. This 
property is utilized on a form of glow tube known as a voltage^regula- 
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tor tvbe. A commercial regulator tube of this type is illustrated in Fig. 
38. Larger tubes having constant operating voltages up to 150 volts 




Length 

Diameter 

Bulb—metal enclosure 
Starting voltage, max 
Regulating voltage 
Operating current 
Regulation 


in. 

H in* 

170 d-o volts 
65-75 volts 
0.5-5.0 ma 
d=1.5 volts 



Fig. 38. Miniature voltage-regulator tube, rating, and circuit. (Courtesy Syl- 
vania Electric Products, Inc.) 


and currents up to 40 milliamperes are available. An early type of 
cold-cathode rectifier was known as the Raytheon BH (Fig. 39). It 

was a full-wave rectifier having a metal 
shell (an inverted metal bowl) for a cath¬ 
ode and two anodes consisting of insulated 
metal wires, the ends of which projected 
into the bowl. The tube was designed to 
utilize Paschen^s law (see page 254). Thus 
the cathode-to-anode spacing gave the 
minimum voltage for ionization, whereas 
the short anode-to-anode spacing permitted 
a very high voltage for the gas pressure 
used. Thus conduction does not take place 
from anode to anode. The normal cathode- 
to-anode voltage drop was rather high and 
the operation was very sensitive to the gas 
pressure. Changes in gas pressure due to 
leaks or clean-up made the tube inopera¬ 
tive. Hence this device was withdrawn 
from the market in the early thirties and 
has been replaced by hot-cathode rectifiers. 
Another type of cold-cathode, grid-glow rectifier tube finds wide 
application in subscriber's telephone apparatus where its use simpli- 



Fig. 31 
cathode 


Obsolete cold- 
full-wave rectifier 
tube. 
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lies selective ringing on four-party lines. The essential parts of this 
tube are shown in Fig. 40. The tube employs two semicircular bell¬ 
shaped disks as cathodes. Between these cathodes is placed an anode 
consisting of a small circular rod enclosed in a glass tube. The tube 
contains neon gas under low pressure. A nominal breakdown potential 
of 70 volts is required to create a glow discharge from cathode to 
cathode, but because of greater spacing a breakdown potential of 175 





Fia. 40 

volts is necessary for a like discharge from either cathode to the anode. 
However, while a glow discharge exists between cathodes, a potential 
of only 75 volts is necessary for unidirectional electron conduction from 
either cathode to the anode. 

This tube is used in the circuit shown on the right of Fig. 40. To 
ring the bell a pulsating unidirectional potential is impressed between 
the line A and ground. This voltage causes a glow discharge between 
cathodes with a minute current through the high resistance and simul¬ 
taneously a pulsating unidirectional current through the telephone 
bell. The pulsating unidirectional voltage is produced by superim¬ 
posing an a-c voltage upon a battery supply. Individual party ring¬ 
ing is effected because the bells are selective with respect to the direc¬ 
tion of current pulses and are properly distributed between line wires 
and ground. One such tube is shown in Fig. 41. 
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One type of gaseous rectifier starts with a cold cathode and oper¬ 
ates on thermionic emission. The tube contains inert gas and has an 
oxide-coated cathode without a heater. With a minimum peak anode 
supply potential of 300 volts, a glow discharge takes place and the 
resulting bombardment of the oxide-coated cathode raises its tem¬ 
perature to the point necessary for satisfactory thermionic emission. 
After the cathode is heated the cathode-anode average potential drops 
to about 24 volts. This voltage is higher than that 
of a hot-cathode type with heater because the energy 
for heating the cathode is developed in the cathode- 
anode circuit. These tubes are known as ionic-heated 
cathode rectifiers. The output current must be limited 
by a suitable load impedance and a minimum cath¬ 
ode-anode current is required to keep the cathode 
hot. Examples of the ionic-heated cathodes are the 
OZ4 and the OZ4-G. The principle of the ionic- 
heated cathode is employed in the operation of some 
types of fluorescent lamps. 

The grid-glow tube * is a gas-filled, three-electrode 
tube having a cold cathode. The tube functions 
somewhat like the thyratron through the trigger ac¬ 
tion of its grid. Since it has a cold cathode the tube 
conduction is of the glow-discharge type involving 
much higher anode and grid voltages. These higher 
voltages mean a higher percentage of loss in the tube 
and lower rectification efficiency. However, the cold cathode does 
not consume any energy even though the tube is connected in a 
circuit continuously. The grid-glow tube is constructed much dif¬ 
ferently from a thyratron, as shown in Fig. 42. The anode is a 
wire encased in a glass tube and placed at the center of a much 
larger cylindrical tube which constitutes the cathode. A metal tubular 
shield surrounds the glass tube and anode. The grid is a small ring 
surrounding the projecting top of the anode. The anode is usually 
operated at a voltage above the breakdown voltage for the glow dis¬ 
charge of the gas from anode to cathode but below the breakdown for 
grid-to-anode spacing (see page 253) If the grid is negative or of low 
potential, most of the lines of the electrostatic field terminate on the 
grid and no breakdown from cathode to anode can occur. The usual 

♦The term grid-glow tube has been applied to the thyratron by some writers 
in the past. The usage here is in accord with current standards. 


Fig. 41. Cold- 
cathode relay tube. 
(Courtesy Western 
Electric Com¬ 
pany.) 
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type of circuit for utilizing the grid-glow tube is fshown in Fig. 43. The 
shield is connected to the cathode outside the tube by a resistance ot 
the order of 5 to 10 megohms. The control grid potential, is adjusted 
by the values of R and C. The load in the anode circuit is usually a 
relay. Changes in JS or C or even in the value of the impressed a-c or 
d-c voltage will serve to fire the tube. Change in the capacity of C 
may be produced by the capacity of an approaching human hand or 
some other object. A photocell may be 
substituted for B or C whereby a change 
in light will fire the tube. 

The cathode of the grid-glow tube is 
indestructible but too high a voltage on 
the anode will cause the glow discharge to 
change to an arc and thus burn out the 
tube. 

The grid-glow tube is used where a very 
sensitive control is desired to operate a 
relay and where the current delivered by 
the tube is sufficient to meet the require¬ 
ments of an application. A commercial 
grid-glow tube, its rating, and its char¬ 
acteristics are given in Fig. 43. 

Effect of Gas in a Triode. The discus¬ 
sion of the high-vacuum triode in Chapter 

IV ignored the presence of a small amount ^ Construction of a 

of gas which remains after the best evacu- grid-glow tube, 

ation processes are used. An interesting 

phenomenon produced by the presence of this gas may be observed if 
delicate measurements are made of the grid current under varying 
grid potentials and plotted to an enlarged scale. This phenomenon is 
illustrated in the curve of Fig. 44, w^hich shows a reversal of the direc¬ 
tion of grid current in the region of zero grid voltage. Some of the 
gas molecules in this high-vacuum triode are ionized by bombarding 
electrons and the positive ions thus formed are attracted to electrodes 
having a negative potential. When the grid is made positive, part of 
the electrons emitted by the cathode will be attracted to the grid and 
will constitute the positive grid current as shown by the curve and by 
the full-line arrow in the circuit diagram of Fig. 44. Now as the po¬ 
tential on the grid goes to zero, or negative, the grid will attract posi¬ 
tive ions and the positive ions landing on the grid will take electrons 
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GRID-GLOW TUBE 


Oeneral Charaeteriaitca 
Air-oooled tetrode 
Cold cathode 
Ionisation time 
Deionisation time 
Tube voltage drop, average 
Control characteristics—positive and negative 
Mounting position—any 


10 iiseo 
1000 /iseo 
180 volts 


Maximum Ratings 


Anode voltage, peak forward 
Anode voltage, peak inverse 
Anode current, average 
Anode current, peak 
Anode cunent, surge, for design only 
Grid voltage, peak, positive 
Gild current, average 
Gild current, peak 

Averaging tune, anode and grid currents 
Temperature range —40® 


500 volts 
800 volts 
0.015 amp 
0.10 amp 
1 0 amp 
300 volts 
0.2 ina 
0 8 ina 
10 sec 
to +70® C 



50 



100 150 200 250 

Grid voits rms 


I 


300 


Fio. 43. Grid-glow tube characteristics, rating, and circuit. (Courtesy Westing- 
house Electric Corporation.) 
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from the grid and become neutral atoms. Sinco the grid now has no 
internal source of electrons to neutralize the positive ions, electrons 
must come through an external circuit leading from the ,cathode or 
anode through the grid circuit to supply this need. Hence the current 
in the grid circuit reverses or be¬ 
comes negative as shown by the 
curve and by the dotted arrow. 

As the grid is made strongly 
negative the electrons emitted 
are blocked from passing to 
the anode and ionization ceases. 

This cessation of ionization 
would be expected to reduce the 
grid current to zero, yet at this 
juncture the magnitude of the 
negative grid current begins to 
increase along the linear path 
indicated by the dotted line. 

This reversed current is a minute leakage current produced by the 
negative grid potential impressed across the high (usually tens of 
megohms) resistance between the glass-insulated leads to the grid 
and cathode. It should be noted that the reversed grid currents are 
very small in magnitude and are not indicated by ordinary meters. 
Hence this phenomenon is of theoretical interest primarily though it 
may assume importance where measurement of infinitesimal magni¬ 
tudes are involved. 

Problems 

1. The mercury-vapor rectifier tube of Fig. 6 is connected in series with a 
supply of 115 volts a-c and a load resistor. If the arc drop is assumed to be 
15 volts and the peak pulse current is 0.5 ampere, what is the minimum value 
of load resistance to protect the tube from overload on continuous service? 

2. The phanotron of Fig. 7 is connected for half-wave rectification in series 
with a load resistor to a 230-volt a-c supply. The rated average load current 
is 20 amperes which is 0.318 times the peak of the current pulse. Assume an 
arc drop of 15 volts and calculate (a) the magnitude of a load resistor to per¬ 
mit full load continuously. 

(b) Now assume that, with the calculated resistor in the circuit and with 
the cathode only partially heated and giving a saturation emission of only 2 
amperes, the supply-line switch is closed. What current will flow? What 
voltage exists across the cathode-anode circuit? What will happen to the 
phanotron? 



Fia. 44. Grid current in a high-vacuum 
triode. 
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3. (a) The thyratron of Fig. 19 is connected in series with a load resistor 
and 115~volt a-c supply line. What should be the value of the load resistance 
to limit the current to the rated average value ? 

(b) Assume that while the thyratron is cold and there are zero volts on 
the grid the supply line is connected to the cathode-anode circuit followed by 
a closing of the circuit for heating the filamentary cathode. What will 
happen? 

4. The thyratron of Fig. 19 is in normal operating condition and a d-c 
voltage of 400 volts is to be applied to its anode. What voltage must be ap¬ 
plied to its grid to prevent firing? Give the range of grid voltage values 
necessary to cover the complete range of uncertainty arising from ambient 
temperatures. 

5. Assume that the thyratron of Fig. 19 is to be fired by an a-c voltage 
which rises to 30 volts -f maximum and that the arc drop from cathode to 
grid is 10 volts. What should be the value of a resistor placed in series with 
the grid to limit the grid current to 0.11 ampere? 

6. The thyratron of Fig. 20 is to be used for half-wave rectification of an 
a-c voltage peaking at 6200 volts, 60 cycles. A grid bias of —10 volts is ap¬ 
plied to the tube. What should be the magnitude of the load resistance to 
limit the peak current to the rating shown? 

If it is desired to fire the tube with a lag of 90 degrees behind applied 
voltage by superposing an in-phase a-c voltage in series with the grid ( —10- 
volt bias), what should be the peak value of this a-c grid voltage? Use the 
middle curve of the characteristic. Is this particular condition for firing de¬ 
sirable? Discuss. 

7. Construct a circuit for using the shield-grid thyratron of Fig. 21 for 
half-wave rectification with an anode peak voltage of 2000. Indicate the mag¬ 
nitude of voltages and currents at all parts of the circuit. Take values from 
ratings given in figure. 

8. Construct a simple circuit showing how an ignitron may be fired by a 
thyratron using the discharge from a condenser. 

9. The strobotron of Fig. 37 is flashed by the discharge of a 4-microfarad 
condenser (charged to 200 volts) in 100 microseconds. How much power 
does this represent in watts? 

10. The thyratron of Fig. 19 is to be operated in a circuit having an im¬ 
pressed a-c sine-wave voltage of 710 rms. What negative bias voltage should 
be applied to the grid to cause the tube to fire with a phase-angle lag of 30 
degrees, 45 degrees, 60 degrees, 90 degrees? 

11. In the phase-shift circuit of Fig. 15, R has a value of 400 ohms and L 
of 500 millihenries. Calculate the angle of a phase shift on a 60-cycle circuit. 

12. In the phase-shift circuit of Fig. 15, R has a value of 4000 ohms and 
C oi 2 microfarads. Calculate the angle of phase shift on a 60-cycle circuit. 
(See text for relationship of R and C in shift circuit.) 

13. What should be the extreme values of R in Problem 12 to give phase 
shifts of 20 degrees and 75 degrees? 



REFERENCES 


309 


REFERENCES 

HuiXi, A. W., “Hot-Cathode Thyratrons,” Gen. Elec. Rev., 32 (1929). 

WiNOORAD, H., “Development of Excitron-Type Rectifier,” Tram. Am. Imt. 
Elec. Engrs., 63 (1944). 

Slepun, J., and L. R. Ludwig, “A New Method for Initiating the Cathode of 
an Are,” Tram. Am. Imt. Elec. Engrs., 62, 693-700 (1933). 

Gebmeshausen, K. J., and H. E. Edgebton, “A Cold-Cathode Arc-Discharge 
Tube,” Elec. Eng., 65, 790 (1936). 



Chapter XIII 

CEYSTAL AND METALLIC RECTIFIERS 


The phenomenon of nonlinear voltage-current relations in some sub¬ 
stances and at the junctions of dissimilar substances has been known 
for a long time. As early as 1834, Faraday discovered the highly nega¬ 
tive temperature coeflScient of resistivity exhibited by silver sulphide. 
Early in this century many materials were employed in “wireless” re¬ 
ception which exhibited highly polarized nonlinear characteristics. 
These materials consisted of a lump of some mineral such as galena, 
silicon, iron or copper pyrites, zincite, bornite, or silicon carbide. In 
the process of signal detection these materials made up one side of a 
circuit while a feeler wire called a “catwhisker” bearing upon the 
material was connected to the other terminal. This combination known 
as a crystal detector had a unilateral current characteristic in which 
electrons moved from the crystal to the metal point bearing upon them. 
The disadvantages of this early device were that the crystal had 
“sensitive spots” which were destroyed by overload and heat and the 
sensitivity could be lost by slight displacements of the catwhisker. 
This form of crystal detector or rectifier was widely used in the ama¬ 
teur period of wireless telegraphy and the early days of voice radio. 
The more stable operation of the vacuum-diode detector caused the 
crystal detector to be displaced and fall into disuse shortly after 1920. 
Experimentation on the construction and use of crystals as rectifiers 
was resumed during the 1930’s, and two new crystal rectifiers, silicon 
and germanium, developed during this period were put into effective 
use during World War II. 

The unilateral current-carrying characteristic of a junction of sele¬ 
nium and a metal was discovered in 1883, though commercial applica¬ 
tion of the combination was not made until 1930. A similar discovery 
of the unilateral characteristic of copper oxide on copper was made 
about 1920 and resulted in an early application of this combination. 

The crystal and the semiconductor rectifiers suggested in the preced¬ 
ing statements are not electronic devices in the narrow sense of that 
term since they do not involve movements of electrons in a vacuum or 
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ions in gases under low pressure, but they do serve as important com¬ 
ponents in electronic combinations and circuits. 

Silicon and Germanium Crystal Rectifiers. The basic construction 
of the modern crystal rectifier is illustrated in Fig. 1. A tungsten wire 
having an S or a hook shape has a sharp point which bears on a semi¬ 
conductor or rectifying material. The tungsten wire is fastened to one 
terminal and the semiconductor or crystal to the other terminal. The 
terminals are separated by an insulator (usually ceramic) and the 
intervening space may be filled with a gas, a plastic, or other suitable 
material. Metal end pieces or caps give 
mechanical strength and complete the con¬ 
struction of the crystal rectifier. 

When the tungsten terminal is made posi¬ 
tive, electrons move in a forward direction 
from the semiconductor into the tungsten, 
but, when the polarity is reversed, very few 
electrons are able to cross the boundary into 
the semiconductor. The relationship of this 
unilateral conduction is shown in the curve 
of Fig. 4 which is typical for crystal and 

other semiconductor-to-metal rectifiers. ^iq, l. Typical constmc- 
This phenomenon of unilateral conductivity tion of a crystal rectifier, 
is not readily explainable.* The author 

offers the following. First, it should be noted that the contact between 
the metal and the conductor is a mere pressure contact, a simple type 
of boundary, and not a molecular bond. Second, it should be remem¬ 
bered that the contact is a point contact wherein the potential gradient 
surrounding the point will be high when differences of potential are ap¬ 
plied. The electron energy levels which exist in the metal and semicon¬ 
ductor when separated are shown in part a of Fig. 2. Here the work 
function of the metal <l>t is relatively low compared to the total work 
function <l>sc for the semiconductor. Bringing the metal and semicon¬ 
ductor together in a mere physical contact without any applied po¬ 
tential will not produce much change in the energy levels. However, 
if a positive potential is applied to the metal, the high potential 
gradient close to its point will add to the normal electron energy level 
in the semiconductor near the contact and give a distribution as shown 
in part b of Fig. 2. Under this condition electrons can pass ‘‘over the 
hump^’ into the tungsten and this constitutes the forward current. When 

♦For one explanation see “Germanium Crystal Diodes,” by E. C. Cornelius, 
Electronics, February 1946. 
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the polarity of the applied voltage is reversed, the negative potential 
(gradient) at the tungsten point lowers the energy level of the 
electrons in the semiconductor as shown in part c of Fig. 2, and very 
few electrons are able to pass to the semiconductor. The latter situ¬ 
ation is somewhat analogous to an attempt to remove electrons from 
a cold electrode. 

The crystal rectifier is small in size and light in weight. For use at 
ultra-high frequencies it is superior to the vacuum diode as a detector 

because (1) it has smaller input 
and output capacitances, (2) it 
does not introduce transit time ef¬ 
fects, (3) noise voltages and in¬ 
terelectrode reactances have been 
reduced, and (4) it does not re¬ 
quire any power for heating a 
cathode. 

One type of silicon crystal recti¬ 
fier is illustrated in Fig. 3. It is 
approximately inch long and 
has a maximum diameter of 5ia 
inch. This rectifier has been 
designed for easy insertion and 
Pio. 2 plugging into cavity resonators 

and coaxial butterfly circuits. It 
is usable as a signal pick-up probe in wave guides and cavities. Silicon 
rectifiers are designed for use in the first detector stages of super-high- 
frequency superheterodyne receivers, and for tuned radio-frequency 
and video detector use at frequencies within the range of 1000 to 25,000 
megacycles. 

The germanium crystal rectifier, or crystal diode, as it is sometimes 
called, has a cartridge-type construction and the appearance of a one- 
watt fixed resistor as shown in Fig. 4. A tungsten feeler or catwhisker 
bears upon a thin disk of optically polished germanium soldered to the 
end of a wire. The germanium disk is prepared from the natural di¬ 
oxide form (Ge 02 ) by reduction in hydrogen, leaving the amorphous 
metal in a pure state. The dull gray powder is melted and a small 
amount of tin is added. When it has cooled, a crystallized ingot re¬ 
sults which is cut into wafers 0.6 millimeter thick and 3 millimeters 
square. The polished disks form a lattice-imperfection semiconductor. 

The rating and typical characteristics of the selenium crystal diode 
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Fig. 3. Typical silicon crystal rectifier (Courtesy Bell Telephone Laboratories.) 



RATING 

Pe-ik inverse anode voltaRe, max 
Peak anode current (sine l^ave), max 
Average anode current, max 
Surge current (transient peak), max 
Back conduction at 50 volts, max 


50 volts 
' 60 ma 
22 «> ma 
100 ma 
2 ma 



Fig. 4. Constniction and characteristics of a typical germanium crystal diode. 
(Courtesy Sylvania Electric Products, Inc.) 
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are given in Fig. 4. This crystal diode has a shunt capacitance of ap¬ 
proximately 3 micromicrofarads compared to approximately 15 micro¬ 
microfarads for a 6H6 vacuum diode under analogous conditions. This 
germanium crystal unit is recommended for use between 0 and 100 
megacycles though it has been used up to 500 megacycles. It was de¬ 
signed for superheterodyne second 
detector applications, but it is use¬ 
ful in frequency modulation and in 
television reception where load re¬ 
sistances are low. 

The Transistor. A new device, 
the Transistor, which constitutes an 
extension of the principle of the 
germanium crystal diode was an¬ 
nounced by the Bell Telephone Lab¬ 
oratories on July 1, 1948.* This 
device, a crystal triode^ takes its 
name from the words TRANS fer 
resISTOR. Two j)oint contacts 
(catwhiskers) consisting of 2-mil 
tungsten wires bear upon the upper 
surface of a germanium crystal and 
are separated by approximately 
0.002 inch. This combination is en¬ 
cased in a metal cylinder inch 
in diameter and % inch long, as 
shown in Fig. 5. The comparison 
of the size of the Transistor to a 
paper clip shows that the former 
is smaller than a subminiature 
vacuum tube. 

Phosphor bronze wires have been used as well as tungsten, and any 
wire employed must have spring action to maintain a suitable pres¬ 
sure on the crystal. The spacing between the two catwhiskers is not 
too critical but is of the order of a few one-thousandths of an inch. 

The Transistor may be employed as an amplifier or as an oscillator. 
The circuit for the Transistor used as an amplifier is given in Fig. 
6. The action of either point electrode or catwhisker when used 

*A more complete discussion of the Transistor may he found in the Physical 
Review, Vol. 74, pp. 230-233, July 1948, and in the September 1948 issue of 
Electronics. These articles report the findings of Dr. William Schockley, Dr 
John Bardeen, and Dr. W. H. Brattain, of the Bell Telephone Laboratories. 



Fig. 5. Mici ©photograph of Transistor 
and paper clip. (Courtesy Bed] Tele¬ 
phone Laboratories.) 
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alone is that of a rectifier with the electrons ii;ioving from the semi¬ 
conductor germanium to the point as explained in the preceding pages. 
When both electrodes are used simultaneously in the circuit of Fig. 6, 
a new and important action is obtained. The electrode on the left is 
called the emitter and corresponds to the grid of the vacuum triode. 
The emitter is given a positive bias (instead of negative) and it con¬ 
ducts electrons (rectifying action) in the direction indicated by the 
arrow. Obviously, the magnitude of this electron conduction is con¬ 
trolled by the applied voltage, and hence the signal voltage impressed 
in series in this circuit varies directly the electron current in the 
emitter circuit. The second electrode, called the collector, corresponds 
to tlie plate of the triode and has a 
negative (reverse) battery poten¬ 
tial of approximately 50 volts ap¬ 
plied to it. If the collector were 
used alone, this collector circuit 
would conduct very few electrons 
because of the blocking action at 
the catwhisker germanium crystal 
contact. However, with the com¬ 
bined emitter and collector circuits 
a different action takes place. Under the conditions of the combined 
circuits the emitter may be viewed as withdrawing electrons from the 
surface of the germanium in the region surrounding its contact with the 
surface. The fact that the withdrawn electrons leave ‘‘holes” in the 
semiconductor permits the excess of electrons at the near-by collector 
point to flow in and fill these holes. In this way the changes in signal 
voltage in the emitter circuit cause a corresponding change in electron 
flow in the collector circuit. Since the current in the emitter circuit 
consists of a d-c component owing to the bias battery plus an a-c com¬ 
ponent caused by the signal voltage, it may be inferred that the a-c 
component returns via the collector circuit. This concept is not strictly 
correct although the a-c components in the emitter and collector cir¬ 
cuits are of the same order of magnitude. With suitable circuit volt¬ 
ages the collector current may be three times as large as the emitter 
current. This difference arises from a mutual action which takes 
place in the crystal surface surrounding the contact points. The 
apparent action is that the electrons flowdng to the emitter alter the 
resistance of the crystal surface (semiconductor) and permit more 
electrons to flow from the collector electrode to the base electrode. 
Another helpful interpretation is that the negative potential of the 



Fig. 6 . Circuit of a Transistor used as 
an amplifier. 
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collector electrode lowers the resistance at the emitter contact and 
causes the signal voltage to be more effective. 

The d-c characteristics of an experimental Transistor are shown in 
Fig. 7. There are four variables, two currents, and two voltages, with 
a functional relation between them. If two are specified, the other 
two are determined. In Fig. 7, the emitter and collector currents le 
and lo are taken as the independent variables, and the corresponding 



Fia. 7. Characteristics of a Transistor. (Courtesy Bell Telephone Ijaboratorios.) 

voltages Ve and Vc, measured relative to the base electrode, as the 
dependent variables. 

Amplification of the signal voltage is produced in the Transistor 
amplifier because of the higher battery voltage and the high magni¬ 
tude of the load resistor. Whereas the magnitude of the current 
changes in the emitter and collector circuits are of the same order, a 
much larger output voltage drop occurs across the load resistor. The 
average gain in the Transistor amplifier is about 20 db. 

In comparison with the vacuum triode of equal capacity, (1) the 
Transistor does not require any power for heating the cathode, (2) 
it has a simple sturdy construction, (3) it appears likely that it will 
have a life of several thousands of hours, and (4) it uses a small amount 
of power. The Transistor consumes about 0.1 watt from bias sources 
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and delivers 25 milliwatts of useful output, thijis having an over-all 
eCiciency of 25 per cent. 

In the early stage of its development the Transistor has some limi¬ 
tations. Its power output is limited to about 25 milliwatts per unit, 
or 50 milliwatts from a push-pull stage. Its noise level is higher than 
that of the vacuum tube, though this factor may not be objectionable 
for applications where high fidelity is not necessary. The low level 
of impedance on its input side and the reversed polarity of its input 
and output will require a new engineering of circuits in order to match 
its impedances to other circuits. 

The properties of the Transistor indicate that it will ultimately re¬ 
place electron tubes in a number of applications. Its light weight 
and low battery drain indicate its desirability for hearing aids and 
small portable radios. Again, its long life and low power requirements 
suggest its use in telephone and television repeater service for fre¬ 
quencies up to 5 or 10 megacycles. 

Metallic Rectifier Cell/ Several combinations of substances have 
been discovered which when placed in the form of a sandwich show 
the property of unilateral conductivity. These sandwich combinations 
usually consist of a metal, a blocking layer, and some substance which 
is a semiconductor assembled as shown in Fig. 8. The blocking layer 
or rectifying layer exists at the surface junction of the metal and semi¬ 
conductor and is formed by an electrochemical action or chemical 
action depending on the process for producing the sandwich. Some 
form of metal electrode is placed in contact with the semiconductor to 
carry away the current. 

This form of rectifying unit conducts electrons fairly readily from 
the metal to the semiconductor but offers a high resistance to electron 
movement in the reverse direction. Actually the unit does conduct a 
little current in the reverse direction and the ratio of the current in 
forward or conducting direction to the reverse current is called the 
rectification ratio. It is easy to remember the direction of the elec¬ 
tron movement by likening the metal electrode with its plentiful sup¬ 
ply of free electrons to the space just outside the thermionic cathode 
and the semiconductor to the positive anode with a deficiency of avail¬ 
able electrons. The theory of the action taking place in the metallic 
rectifier cell is not fully understood. Curiously, the movement of elec¬ 
trons from metal to semiconductor is opposite to that in the crystal 
rectifier discussed on the preceding pages. In considering this strange 
phenomenon, the physical differences in the two kinds of rectifiers 
should be noted. Thus, (1) the crystal rectifier has a small area of 

Also known as barrier cell and as a blocking-layer cell. 
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contact, whereas the metallic unit has a large one; (2) the crystal unit 
has a simple boundary or physical contact, whereas the metallic recti¬ 
fier has a chemical union where the metal and semiconductor have a 
merging of molecules; and (3) the crystal rectifier has a thick semi¬ 
conductor unit, whereas the metallic rectifier has a very thin layer. 
Apparently a polarized film or layer is built up between the metal and 
the semiconductor by the chemical or electrolytic action which takes 
place when the sandwich is formed. This layer permits part of the 
plentiful supply of free electrons in the metal to move across the thin 

semiconductor when it is positive, but 
it permits only a few to move under a 
reversed electric field. 

The copper oxide rectifier is a sand¬ 
wich consisting of a layer of cuprous 
oxide on copper. This type of metallic 
rectifier was invented by Dr. Gron- 
dahl and its development followed a 
discovery made in 1920 while he was 
studying the photoelectric properties 
of cuprous oxide. Commercial forms 
of the copper oxide rectifier cells are 
shown in Fig. 9. These cells are pro¬ 
duced by heating a copper disk or 
plate in a furnace to a temperature of 
approximately 1000 degrees F and 
then quenching it in water. This 
treatment produces a thin film of 
cuprous oxide with an outer layer of 
cupric oxide. The cupric oxide is then 
removed, leaving a thin layer (about 
3 mils or 1000 molecules thick) of cuprous oxide on one side. Contact 
with the copper oxide surface can be made by holding a lead disk 
against the oxide surface under pressure or by electroplating a nickel 
coating on the surface of the oxide. The plated surface is pre¬ 
ferred because there is a tendency for the lead disk to ‘^flow” with 
time and to introduce an imdesirable contact resistance in the 
circuit. 

The unilateral characteristic of this cell is shown in Fig. 10 which 
gives the amperes in the forward direction of current and the milli- 
amperes for the reverse or leakage current. The resistance of the unit 
is shown in Fig. 11 for a given temperature under a variation of voltage 


Symbol 


Conventional current 
Blocking layer 


Metal * 



Electron flow 

Fig. 8. Elements of a blocking- 
layer metallic rectifier and its 
symbol. 




COPPER OXIDE RECTIFIER 


319 


from negative to positive. The resistance also v,aries with the current 
in the forward direction, being approximately inversely proportional 
to the current, as illustrated in Fig. 12. The resistance of th^ unit has a 



Disk-type cell Rate-type cell 

Fig. 9. Cross section of a copper oxide rectifier disk and plate-type cells. (Cour¬ 
tesy General Electric Company.) 


negative coefficient of temperature which gives a variation of the 
current flow in the forward and reverse direction as shown in Fig. 13. 

This rectifier is essentially a resistance device. Accordingly, the 
current squared times the resistance gives the power loss for both 



Fig. 10. Current-voltage 
characteristic curve of a 
copper oxide rectifier ele¬ 
ment. (Courtesy General 
Electric Company.) 



Fig. 11. Resistance-voltage 
characteristic curve of a 
copper oxide rectifier ele¬ 
ment. (Courtesy General 
Electric Company.) 


forward and reverse current flow. These power losses raise the tem¬ 
perature and limit the rectified output of the device. 

The various voltage, current, resistance, and temperature character¬ 
istics depicted in the figures for the copper oxide unit suggest certain 
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limitations which must be placed on the design and use of the copper 
oxide rectifier. In order to prevent an excess of reverse current, which 
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Fia. 12. Resistance-current characteristic of a copper oxide cell at 25 degrees C. 
(Courtesy General Electric Company.) 


across a single cell must be restricted to from 8 to 11.5 volts. Also, in 
order to limit the leakage current and to prevent ultimate overheating, 
the maximum temperature for operation of the unit should be limited 
to about 45 degrees C. The output of the copper oxide rectifier may be 
increased by improved cooling which can be brought about by the addi¬ 
tion of cooling fins and still more 
effectively by forced air cooling. 

The resistance of the copper 
oxide element increases with age. 
This ^'aging^^ effect on resistance 
increases with use and with rise 
in temperature. Fortunately, it 
appears that the resistance in¬ 
creases to a maximum stable 
value which is about twice the 
initial resistance. The result of 
aging is to reduce the efficiency 
of the rectifier with time and to 
change the value of the rectified 
voltage under load (regulation). 
Aging seems to be due to some 
inherent chemical or physical 
change in the rectifier element 
for which no remedy has been 
discovered to date. Commercial rectifier units carry a rating in which 
the effects of aging have been discounted so that the operation when 
the unit is new will be much better than the rating and guarantees. 



Fig. 13. Current-voltage characteristics 
of copper oxide rectifier cell. (Courtesy 
General Electric Company.) 
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Commercial copper oxide rectifiers usually consist of a number of 
elements in series or parallel combination. The number of elements 
in series depends on the applied a-c voltage and the number of ele¬ 
ments placed in parallel depends on the required output current. Some 
copper oxide rectifier assemblies are shown in Fig. 14. 




Fkj. 14. Copper oxide rectifiers. (Courtesy General Electric Company.) 

Copper oxide rectifiers are used in the electric power field for charg¬ 
ing batteries^ electroplating, motion-picture arcs, corrosion protection, 
ignitron exciter circuits, and similar applications. Their unidirectional 
conductivity makes them useful in series with d-c relays to guard 
against reversed polarity and in many circuits to permit current fiow 
in one direction only. Copper oxide rectifiers are used also to permit 
measurement of alternating current with a d-c meter element. For this 
purpose four small copper oxide disks about % inch in diameter are 
connected in the bridge circuit of Fig. 21, center, with a d-c meter in 
place of load. A similar grouping of four copper oxide disks sealed in a 
small metal container is known as a ‘Varistor.” Varistors are used in 
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large quantities for modulation and demodulation on long distance 
telephone carrier circuits (see Fig. 20, page 242). 

The selenium rectifier is a blocking-layer type of rectifier which 
uses selenium for the semiconductor and a sprayed metal for a counter 
electrode. The principle of this device was discovered in the year 1883 
though commercial application was not made in Europe until 1930 and 

in America a few years later. The 
selenium rectifying cell is illustrated in 
Fig. 15. It consists of a back plate of 
either iron or aluminum covered by a 
thin film of selenium. The film is given a 
series of controlled heat treatments to re¬ 
duce the selenium to a suitable crystalline 
form. Next, a low melting alloy is sprayed 
onto the selenium surface. This layer is 
called the counter electrode and consti¬ 
tutes the active metal electrode of the 
sandwich unit. Subsequent electrochemi¬ 
cal processes produced by the application 
of alternating current to the cell form a 
film or blocking layer between the counter 
electrode and the selenium. 

The current-voltage characteristic of a 
selenium cell per square inch of contact 
surface is shown in Fig. 16. The nature of the unilateral conduc¬ 
tion is the same as that of a copper oxide unit with the electrons 
moving from the counter electrode into the selenium. The selenium 
cell has the same general characteristics as the copper oxide unit such 
as negative temperature coefficient of resistance, inverse relationship 
between resistance and current, and increase of resistance of the unit 
with age. However, it does differ from the copper oxide unit in some 
respects. It will withstand a maximum peak voltage of 25 volts per 
cell without damage. This means that for the same voltage output 
only one-half to one-third as many cells need be placed in series. 
Second, the selenium cell may be operated safely up to a maximum 
temperature of 75 degrees C. However, the continuous current output 
must be reduced as the temperature rises, so the advantage of higher 
temperature is not so important. The weight of the selenium rectifier 
for a given rating may be only one-seventh that for copper oxide for 
steel back plates or one-fourteenth when aluminum back plates are 



Fig. 15. Selenium rectifier 
cell. (Couitesy International 
Telephone and Telegraph 
Company.) 
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used. One disadvantage of the selenium unit is tl;^at the resistance of 
the blocking layer is lower for direct current than for alternating cur¬ 
rent and that the blocking-layer resistance deteriorates when the cell 
is not in use though it is restored in a few seconds with the application 
of an a-c voltage. Hence the cell is not suitable for operating relays 
for reversed polarity on d-c circuits. Otherwise, the applications of 
the selenium rectifier are the 
same as those for the copper 
oxide type. The parts and as¬ 
sembly of a selenium rectifier 
unit are shown in Fig. 17. 

In 1946 new miniature sele¬ 
nium rectifier units were placed 
on the market which perform 
the same function as the 35 
and 117 series of rectifier tubes. 

These new selenium units are 
more rugged and have a longer 
life than the rectifier tubes 
which they are designed to 
replace. One of these new 
units is illustrated in Fig. 

18. 

The magnesium-copper sulphide rectifier was invented in Austria 
and is manufactured in the United States under basic patents issued 
to Samuel Ruben in 1925. This blocking-layer metallic rectifier uses a 
magnesium plate for the metallic electrode and copper sulphide for the 
semiconductor. A back plate or electrode is placed in contact with the 
copper sulphide for collecting the current. The three pieces are as¬ 
sembled on a stud with radiator plates and held under pressure as 
illustrated in Fig. 19. The active blocking layer is formed between the 
magnesium and the copper sulphide by an electrochemical process. 
The forward movement of the electron flow is from the metal magne¬ 
sium to the semiconductor copper sulphide. This rectifier unit must be 
protected from absorption of moisture to insure a long life; this neces¬ 
sity constituted one of the problems in the early manufacture and use 
of this rectifier. This rectifier cell has a rectification ratio of 75 to 1, 
which is lower than that of other disk rectifiers and tends toward a 
lower rectifier efficiency. 

The advantages claimed for the magnesium-copper sulphide recti¬ 
fier are (1) its ability to withstand heavy current overloads, (2) an 
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Fig. 16. D-c voltage characteristic of a 
selenium rectifier cell. (Courtesy General 
Electric Company.) 
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extreme range of operating temperature, plus (3) a high normal cur¬ 
rent density. This unit has a self-healing rectifying film which will 



Fia. 17. Parts of a selenium rectifier and an assembled selenium rectifier. (Cour¬ 
tesy International Telephone and TeIop:raph Company.) 


seal a puncture due to overload or a transient voltage surge. This recti¬ 
fier will operate under a range of temperature from ~ 70 to 135 C and 
has been tested in the laboratory under loads that produced tempera¬ 
tures as high as 275 degrees C. 
The normal current density de¬ 
pends on the method of cooling 
employed and lies in the range 
of 25 to 50 amperes per square 
inch. 

The magnesium-copper sul¬ 
phide rectifier may be employed 
for the same applications as the 
metallic rectifiers previously dis¬ 
cussed. A commercial rectifier 
of this type is shown in Fig. 20. 

Summary on Metallic Recti¬ 
fiers. Metallic rectifier cells are 
resistive units, and hence pro¬ 
vide a unity power factor load as far as the direct rectification process 
is concerned. These cells can be used in series and parallel combi¬ 
nation for any type of rectifier circuit. Three typical circuits for 
metallic rectifiers are shown in Fig. 21. Several other circuits will 
be given in Chapter XIV. 



Fig. 18. Miniature selenium rectifier. 
(Courtesy International Telephone and 
Telegraph Company.) 
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The design of a metallic rectifier for a given appl^ation will be deter¬ 
mined by the load amperes, the desired voltage regulation, and the 


Magnesium 

disks 


Assembly 


Assembly 


Radiator 

plates 


Spacer washeis 



Ooppbr 

sulptiide 






+ a.e| 


'External positive (+) d-c terminal connection- 


li^raiiiai IM9IUVS \-r/ iioiiiiiiNii wiiiicwuwii—• Terminal plates 

Fig. 19. Construction of a mapjnosium-coppor sulphide rectifier. (Courtesy P. R. 
Mallory & Company, Inc.) 




Fig. 20. Commercial battery-charging unit using magnesium-copper sulphide 
rectifying disks. (Courtesy P. R. Mallory & Company, Inc.) 

characteristics of the type of rectifier cell employed. The important 
cell characteristics are (1) the permissible inverse peak voltage, (2) 
the permissible temperature rise, and (3) the permissible current den¬ 
sity. All metallic rectifier cells have negative coeflBcients of resistance 
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though the resistance is approximately constant in the normal current 
density range. If the resistance is considered constant, the voltage 
regulation curve would show a linear fall of potential with load. The 
decreasing resistance characteristic with load (Fig. 12) causes the regu¬ 
lation to be better than linear, as shown in Fig. 22. To provide satis¬ 
factory regulation the total resistance of the rectifier cells at full d-c 


+ 



Three-phase Wye 

Fig. 21. Typical circuits for metallic rectifiers. 


load should not exceed 10 to 15 per cent of the load circuit resistance. 
The number of rectifier cells required is determined by the permissible 
inverse peak voltage and the d-c no-load voltage. Lastly, the size 
(and number in parallel) of the rectifier cells is determined by the d-c 
load current. The manufacturers use empirical methods for designing 
rectifiers for applications. The student may apply the preceding 
statements of this paragraph, the data on Figs. 12, 13, and 16, plus 
the data of Table 1 to make an approximate design or to compute the 
probable rating of a rectifier having an unknown rating. 

The efficiency of a metallic rectifier is the ratio in per cent of the 
d-c power output to the total power input where both output and input 
are measured with a-c wattmeters. The efficiency of metallic rectifiers 
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is reduced by the reverse cur¬ 
rent flow as well as by the PR 
loss within the rectifier units. 
EflSciency of rectifiers will be 
given further consideration in 
Chapter XIV. Since the term 
^^eflSciency” as applied to metal¬ 
lic rectifiers is subject to differ¬ 
ent interpretations, the manu¬ 
facturers of metallic rectifiers 
prefer to use the term ''conver¬ 
sion ratio.’’ The conversion ra-- 
tio of a metallic rectifier is the 
ratio, in per cent, of the prod¬ 
uct of the average values of d-c 
voltage and d-c current output 
to the total a-c power input, 
A summary and comparison 
of the characteristics of copper 
oxide, selenium, and magne¬ 
sium-copper sulphide rectifiers 
should study this table. 
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Fig. 22. Voltage-regulation curves of a 
selenium rectifier. (Courtesy General 
Electric Company.) 

is given in Table 1. The student 


TABLE 1.* COMPARISON OF METALLIC RECTIFIERS 


Typb of Mbtallic 

Peak Invsrse 
Volts per Cell 

Current 
Density 
Amperes per 
Square Inch 
(full-wave rectifi¬ 
cation) 

Maximum 

Rbcommenoed 

Temperature 

(degrees) 

Efficiency 
( over-all per cent) 

Rkctifibr Cell 

Normal 

opera¬ 

tion 

Inter¬ 

mittent 

service 

or 

reduced 

life 

Con- 

veo- 

tional 

cooling 

Forced 

draft 

cooling 

Normal 

opera¬ 

tion 

Inter¬ 

mittent 

service 

or 

reduced 

life 

For 1 ^ 

For 3 ^ 

Copper oxide 

8.76-11.5 

30.0 

0.3 

0.5 

35 C 

45 C 

60-70 

7^80 

Selenium 

25.0 

54.0 

0.3 


35 C 

75 C 

60-70 1 

70-75 

Magnesium-copper 

sulphide 

6.0 

5.0 

25.0 

50.0 

40 C 

85-130 C 

87-45 

52.7 


* Several factors enter into the rating and operation of metallic rectifiers so that the values suggested 
in this table should be considered as approximate. 
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Problems 

In the solution of the following problems, assume that the peak applied 
voltage is 1.41 times the applied rms alternating voltage and that the d-c 
average voltage is 0.318 times the peak for half-wave rectification and 0.636 
times peak for full-wave. 

1. An a-c voltage of 60 volts (rms) is to be rectified by copper oxide 
cells to deliver 2.0 amperes of direct current with full-wave rectification under 
normal operation and with convectional cooling. Calculate (a) the number 
of cells, (b) the area of the cells, and (c) the average d-c voltage under load. 

2. An a-c supply of 120 volts rms is applied to selenium rectifier stacks 
(full-wave) to give ICO milliamperes direct current. How many cells will be 
required per stack and what should be their size for intermittent service? 
What will be the d-c average voltage? What should be the magnitude of the 
load resistance? What will be the resistance drop across the rectifier? 

3. A metallic rectifier is to be used near a furnace where the ambient tem¬ 
perature may rise to 100 degrees C. What type of cell should be used? 

4. Using Fig. 22, calculate the per cent voltage regulation of a selenium 
rectifier which charges a 6-volt storage battery (with taper charge) up to a 
near zero rate with a final voltage of 7.5 volts. 

5. Repeat Problem 4 for a 12-volt battery, having a final (zero charging 
current) voltage of 15.5 volts. 
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Chapter XIV 

EECTIPICATION AND INVERSION 


Rectification of electric current is the process of changing an alter¬ 
nating current into a unidirectional current. A unidirectional rectified 
current is pulsating in character and it is generally necessary to smooth 
out the pulses by means of a filter in order to utilize the resultant cur¬ 
rent and voltage. Rectification of alternating current is exceedingly 
important because (1) it is more simple and economical to generate 
and distribute electric energy as alternating current, and (2) many 
applications of electric energy in the field of electric power and com¬ 
munication require the use of a unidirectional or direct current. Some 
of these applications requiring the use of direct current are the power 
supply to the anodes of electron tubes, electroplating, chemical proc¬ 
esses, charging of storage batteries, and operating series railway motors 
and adjustable-speed d-c motors. 

Rectification of alternating current or the conversion of alternating 
current to direct current can be brought about by (1) electronic meth¬ 
ods and (2) commutating methods. This textbook is concerned pri¬ 
marily with the electronic methods, but for purposes of comparison 
some of the commutating methods will be given brief consideration. In¬ 
version, the process of converting a direct current to an alternating 
current, may likewise be performed by both electronic and commutat¬ 
ing means. 

Commutating Rectifiers. Commutating rectifiers may be of the 
vibrating contact, the synchronous motor-driven contact, or the rotary 
type of commutator. A vibrating rectifier consists of an electro¬ 
magnet which vibrates a spring containing movable contacts. The 
period of vibration is controlled or tuned by the pulses or alterna¬ 
tions of the current, and the movable contacts serve to reverse the 
direction of current flow so that the outgoing current is rectified or 
unidirectional. Devices employing this principle were used in earlier 
years for charging storage batteries and for rectification in telephone¬ 
ringing machines. Today the commutating vibrator is widely used as 
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an inverter for changing direct current to alternating current in auto¬ 
mobile and other portable radio sets, and in some sets it performs the 
double function of inversion followed by rectification. 

The circuit for a typical vibrating type of inverter is shown in Fig. 1. 
The closing of switch S energizes the driving coil over a path from the 
ground (+ side of the battery), the driving coil, and the right half of 
primary winding P to the negative side of the battery. The resulting 
current energizes the driving magnet and pulls the vibrator V to the 




D-c 


JL+ 


(» 




Fia. 1. Vibrator typos of inverters and rectifiers: (a) inversion; (b) combined 
inversion and rectification. 


right-hand contact. The closing of this contact (1) sends a relatively 
large d-c pulse of current through the right half of winding P and (2) 
places a short circuit around the driving coil. The first action induces a 
voltage in the output side of the transformer, and the second serves to 
de-energize the driving magnet. The spring of the vibrator now swings 
the movable member V to the left until it engages the left-hand con¬ 
tact where it sends a pulse of current through the left half of the pri¬ 
mary winding P. This new current pulse reverses the flux in the trans¬ 
former core and reverses the voltage induced in the output side of the 
transformer. In the next instant the vibrator V swings again to the 
right owing to its spring action plus the reestablished current through 
the driving coil. The repetition of the foregoing action produces an 
alternating voltage at the output terminals of the step-up transformer. 
This a-c output voltage may be rectified by a vacuum diode, by a 
small metallic rectifier, or by the addition of two contacts at the 
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vibrator and a mid-tapped secondary to the inverter circuit. The addi¬ 
tions are shown in part 6 of Fig. 1. There the driving circuit (not 
shown) acts in the same manner as before. A study of this circuit will 
show that the added contacts serve to reverse the voltage between the 
mid-tap of the output winding of the transformer and ground in such 
a way as to make the resulting voltage pulses unidirectional, and thus 
give full-wave rectification. A smoothing filter must be added to give 
an output suitable for the power supply for radio receiving sets. 

The preceding explanation has been an over-simplification of the 
complete theory of action involved in the vibrator type of inverter and 
combined inverter and rectifier. Condensers are used in the circuits to 
reduce arcing at the contacts but the complete theory of action and de¬ 
sign involves a proper balance and tuning of the L and C constants in 
the circuits.* 

A new type of mechanical rectifier or contact converter was de¬ 
veloped by Siemens-Schuckert in Berlin during World War II. This 
contact converter is capable of rectifying currents as high as 10,000 
amperes at 400 volts with efficiencies of the order of 98 to 99 per cent. 
The principle of rectifying alternating current by reversing the circuit 
in step with the alternations is old in the art, but for sizable currents 
no satisfactory process has been developed until recently. In theory 
it is necessary only to reverse the circuit while the voltage and current 
pass through the zero point on the cycle. To effect this requirement 
has been impractical because of the short time available for mechani¬ 
cally moving the contacts at the time when the rate of current change 
is the maximum. Any phase-angle difference between the voltage 
and the current naturally complicated the problem of commutation. 
If the wave form of the circuit can be modified to hold the voltage 
at near zero for a short time interval at the points of voltage and 
current reversal, it is obvious that the mechanical problem of reversal 
would be simplified. This important advantage is brought about in 
the new contact rectifier by inserting saturable inductances or chokes 
in the alternating-current leads. These chokes saturate at relatively 
low values of flux and current, so that they produce a high impedance 
to current change at low values of current (region when passing 
through zero) and little impedance at higher current values. These 
chokes act in a manner similar to the peaking transformer although 
their function is much different. The application of the saturable 
choke gives the necessary delay in the voltage and current change and 
permits the mechanical reversal of contacts operated by a small 

* For more complete details the reader is referred to the V^raior Data Booh 
published by P, R, Mallory & Co., Inc., copyright 1947. 
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synchronous motor. Many mechanical and electrical refinements are 
necessary to make the contact converter successful. The discussion of 
these refinements is out of the province of this book. Contact convert¬ 
ers are now being manufactured in the United States.* 

Rotary commutating rectifiers have been of three types: simple 
commutators, motor-generator sets, and rotary converters. The 
simple commutator device consists of a synchronous motor driving a 
commutator at such a speed that the polarity is reversed at the proper 
rate to give a rectified or unidirectional current in the output. This 
device was widely used in early radio transmitters and X-ray equip¬ 
ment and today has considerable application for rectifying high volt¬ 
ages for precipitation processes in the removal of smoke, dust, and 
chemical byproducts. The motor-generator rectifier consists of an a-c 
motor operating from an a-c system which drives a d-c generator. 
This process is an electrical-mechanical plus a mechanical-electrical 
conversion process. It has the advantage of good control of the d-c 
output voltage and the disadvantages of high initial cost, lower effi¬ 
ciency, and the complications of rotating equipment. This system is 
being replaced by electronic methods of conversion. The rotary con¬ 
verter consists of a single rotating unit which consumes alternating 
current in motor action and gives forth a d-c output. The output is 
partly the result of pure rectification and partly of a conversion process. 
This device has a lower cost and a much higher efficiency than the 
motor-generator device. Its disadvantage lies in inflexibility in the 
control of the output (d-c) voltage. This unit once had a wide appli¬ 
cation in the electric railway field but is being replaced by electronic 
rectifiers. 

All these commutating devices used for conversion of alternating 
current to direct current may be employed equally well through a re¬ 
verse process to bring about inversion. 

Electrolytic Rectifiers. An electrolytic rectifier consists of two dis¬ 
similar electrodes placed in an electrolyte. One type of cell uses an 
aluminum plate and a lead plate for the electrodes and a solution of 
ammonium phosphate for the electrolyte. In this cell electrons pass 
readily from the aluminum electrode to the lead electrode but not vice 
versa. Thus the cell may be used as a single-wave rectifier. Obvi¬ 
ously, the phenomenon is of electronic origin and the action is explained 
by the presence of a barrier at the surface of one electrode which has a 
high resistance to the passage of electrons from the electrolyte into the 
heart of the electrode but little resistance to a movement in the reverse 

♦For more information the reader is referred to the article, ''A Mechanical 
Rectifier” in the April 1948 issue of Power Generation. 
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direction. The work function of the material at the surface of the 
electrodes determines the resultant action. ' 

The electrolytic rectifier was widely used for charging storage bat¬ 
teries during the pioneering days of radio. It had the advantage of 
simplicity and low cost and the disadvantage of low efficiency and short 
life. Its low eflSciency was due to a rather high internal voltage drop 
plus a loss from a small reverse current flow. The electrol3rfcic rectifier 
has been obsolete since 1930. 

Single-Phase Rectifier Circuits. The simplest circuit for rectifying 
single-phase alternating current gives half-wave rectification. Such 
a circuit is shown in Fig. 2, part a. This circuit can be simplified by 
reducing it to the schematic or equivalent form of part b in the same 
figure. Here a new symbol represents the rectifying unit and the 
arrow of the symbol indicates the direction of conventional current 
flow. When considering this or any other rectifying circuit the stu¬ 
dent may wish to know the magnitude of the d-c voltage and current, 
the regulation of the load voltage, and the efiiciency to be expected 
from the rectifying process. All these values depend upon a number 
of variables such as the transformer constants and characteristics, the 
characteristics of the rectifying unit, and the nature of the load. These 
variables may make an analytical solution of the problem rather diffi¬ 
cult. However, it is possible to make certain assumptions which re¬ 
duce the circuit to an ideal basis from which a helpful analysis may 
be made. Referring to Fig. 2, part a, assume (1) an ideal transformer 
without resistance, without core loss, and with zero regulation, (2) that 
the impressed emf is a pure sine wave, (3) that the rectifying unit 
has zero resistance in tlKj forward direction of electron movement and 
infinite resistance in the reverse direction, and (4) that the load is a 
pure ohmic resistance. With these assumptions, let an alternating 
voltage of effective value Erms be impressed on the left side of Fig. 2, 
part b. The impressed voltage Emm may be represented by the sine 
wave of part c of Fig. 2 and this voltage will produce a rectified half¬ 
wave of current as shown in part d of the same figure. This half-wave 
of current is of a sine form since i = {Em/RL) sin <ot. During the last 
half of the cycle the rectifier will block the electrons and no current 
will result. The same loop or half-wave of current will flow on both the 
input and output sides of the rectifier. This current flowing through 
the load resistance will produce an iRi, voltage drop which is like¬ 
wise of a sine form. The d-c values of pulsating wave forms are the 
average values. By the methods of calculus, the area of the rectified 
sine wave form of current in Fig. 2d is the integral from 0 to ir of i dO 
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which equals 2Iata- The average value of this area spread over a 
complete cycle is 

27„ 

7avg — 7do — "T — 0.318/|na* fl) 




Fm. 2. Circuit and waves for half-wave rectification. 

The instantaneous voltage equals {Rli and the same deductive process 
shows the average voltage on the load side of the filter for the complete 
cycle to be 

■Eavg = = 0.318£i„ax = 0.45^„„, (2) 

The effective value of the current on the input side is the root-mean- 
square value. Obviously, the effective value of the first half-cycle of 
current is EuaaJy/^- The mean square of this is E^/l. Now if this 
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latter value is spread over the complete rectifying cycle, its mean square 
value is 

1 

2^2 4 

and the root-mean-square of the latter is 

^ = 0.5J™„ (3) 

These values are indicated in part e of Fig. 2. Summarizing, 

Input Side Output Side 

Erma * effective impressed voltage Fdo “ 0.46E'rin* 

Irmm *■ O.S/ mitT ■■ 0.318 /ma'r 

The heating losses (PR) which occur in the various parts of the 
complete rectifier circuit are increased by the irregular wave forms of 
current which are inherent in the rectifying process. This may be illus¬ 
trated by comparing the heating loss produced in the load resistance 
Ri, by a smooth or filtered d-c current with that resulting from the cur¬ 
rent wave of Fig. 2. The resulting ratio may be termed the ratio of 
rectification. Thus from the preceding table 

(Idc)^RL 

Ratio of rectification =- - — X 100 =-X 100 

(half-wave rectification) {Irma) Rl (0.5/,„) 

«40.6% (4) 

The ratio of equation 4 is sometimes called the efficiency of rectifi¬ 
cation. The latter terminology is somewhat misleading since the over¬ 
all power efficiency for the assumed conditions (zero losses) must be 
100 per cent. The real significance of the ratio of rectification is that 
it gives a qualitative indication of the increased heat losses that occur 
wherever a nonsinusoidal and pulsating current flows through resist¬ 
ance elements in the actual rectifier circuit such as the transformer 
windings and in the load without a filter. A second method of express¬ 
ing the increased heat losses is by the term current /om factor which 
is the ratio of root-mean-square to average value. 

The capacity of the input transformer to a rectifier is used ineflB- 
ciently when supplying power for half-wave rectification because only 
one-half of the sine wave of current is passed and the secondary wind¬ 
ing carries a d-c component of current which magnetizes the iron core 
and increases the core losses. These factors plus the increased PR 
losses suggested in the preceding paragraph result in a reduction df the 
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permissible transformer output under rectifier loads. This reduction 
is sometimes expressed by the term utility factor. Utility factor is 



Fia. 3. Circuit and waves for full-wave rectification. (Conventional current flows 
in direction of boldface arrows.) 


the ratio of the permissible rectifier load without overheating to the 
normal unity power factor load that the transformer will carry. 

There are two types of circuits used for full-wave single-phase recti¬ 
fication. One of these circuits using a transformer with a mid-tap in 
the secondary winding is shown in parts a and 6 of Fig. 3. For one 
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half-cycle of the impressed a-c voltage Srm» the upper half of the trans¬ 
former secondary and the upper diode conducts ctirrent, and for the 
second half-cycle the lower half of the transformer and the lower diode 
operates. If a pure sine wave of voltage like part / of Fig. 3 appears 
across each half of the transformer secondary winding, both halves 
of the cycle will be rectified as shown in part g of this figure. The 
connection to the midpoint on the secondary of the transformer serves 
to reverse the polarity on the lower rectifier with respect to the upper 
one. Since both half-waves of current pass through the transformer 
(though dividing in the secondary), there is no d-c component of flux 
in the transformer core to increase core losses, and the current in the 
primary is normal. The second type of circuit to give full-wave recti¬ 
fication is shown in parts c, d, and e of Fig. 3. This is known as a 
bridge circuit since it uses four rectifying units connected in a form 
similar to the Wheatstone bridge. The rectified currents flow through 
two diodes in series and the action for the two halves of each cycle is 
clearly shown in parts d and e of the figure. The resulting impressed 
voltage and current waves are the same as for the first full-wave recti¬ 
fier circuit (Fig. 3, parts / and g). 

For the same assumptions made for the preceding half-wave rectifier 
circuit, the relation between the input and output sides of either full- 
wave rectifier circuit may be readily calculated. Since both halves of 
the cycle are rectified, the current and voltage on the input side are 
normal effective values and those on the d-c or output side are average 
values. Thus 


Erma = applied rms value = 


Emax 

V2 


irrae = - = -~7=- = ^ 7^7 - 

Rl V2Rl Rl 

E^q = Efxyg = 0,636JE/nmx “ O.OZJrmg 

ide = lavg = O.GSfiZjnax = O.QJrms 


Ratio of rectification 
(full-wave rectification) 



X 100 



X 100 = 81.2% 


(5) 


Equation 5 gives a concept of the extra PR losses occasioned by the 
wave form of the resulting currents. 
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The rectified voltage and current output of any rectifier consists of 
a series of unidirectional waves or ripples. For some applications these 
variations are not objectionable but for others they must be smoothed 
out by filters. For all cases the relative magnitude of the ripple is im¬ 
portant in the comparison of rectifying circuits. The comparison is 
made in terms of ripple factor. Ripple factor is the ratio of effective 
value of the alternating components of the rectified voltage or current 
to the average valve. In equation form ripple factor is 


effective rectified a-c component (/rmsO 
average current (/dc) 


( 6 ) 




Fiq. 4. Alternating component of recti¬ 
fied current: (a) half-wave; (b) full- 
wave. 


The alternating component of 
current for half-wave and full- 
wave rectification using a sine 
wave is shown by the shaded 
portions on Fig. 4. The d-c or 
average component is repre¬ 
sented by all the area under¬ 
neath the dotted line for 7avg. 
The ripple factor for the half¬ 
wave rectification can be calcu¬ 
lated from the preceding calcu¬ 
lations by use of the following 
steps. The instantaneous a-c 
ripple component i' in Fig. 4 is 


7 — i Ific 


and the total rms value of the ripple component Zrms' by the calculus is 



{i-hc?de 


T 

- 2/dci + /dc^) dJB 


The first term in this expression is the rms value of the total current 

/nas- That part of the second term I idB integrates to the average 

value Ido as developed on page 333, and the last term is simply /dc* 
after the limits are applied. Thus 
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and 

Tf 

Substitution of values from the preceding development into equation 7 
gives 

—_ ^TXStB 0.57|UH3t _ 

Half wave-=-= 1.57 

/do 0.318/ max 

Tf (half wave) = V 1.67® — 1 = 1.21 



Full wave 


/dc 


0.707/max 

0.636/inax 


1.11 


r/ (full wave) = Vl.ll^ — 1 = 0.482 

The d-c and a-c components of rectified current can be measured by 
inserting a d-c and an a-c ammeter (plus current transformer) in series 
in the circuit. 

The preceding discussion of ripple factor and a further inspection 
of Fig. 4 will explain why the ratio of rectification is lower than mi^t 
be expected. The rectified current may be considered as consisting of 
two component currents, one a steady direct current of the average 
value useful for d-c application and the other an a-c ripple current 
that contributes to the PR or heat loss in the load. This heat loss may 
constitute a sizable factor in reducing the efficiency of d-c motor loads 
operating on rectifiers. In half-wave rectification the a-c component 
is very large (1.21 times) compared to the d-c component. 

A further comparison of the three single-phase rectifying circuits 
may be of interest. The half-wave rectifier circuit is simple, uses only 
one rectifier unit, has a high ripple factor, makes inefficient use of its 
transformers, and has a low ratio of rectification. The full-wave 
rectifier circuits have a smaller ripple factor and a much higher ratio 
of rectification. The circuit using a mid-tap transformer requires only 
two rectifying units but the transformer is special and more costly. 
Besides the necessity of a mid-tap, the secondary must have twice as 
many turns of somewhat smaller wire; hence a higher cost. In addi¬ 
tion, the distorted wave form of the current in the two secondaries adds 
to the PR losses. Where diode rectifying tubes are used this circuit 
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is standard because tubes have a relatively high initial cost and main¬ 
tenance cost; The full-wave bridge circuit uses a simple two-circuit 
transformer but four rectifying units. This circuit is standard for use 
with the blocking-layer rectifiers because the rectifier cells can be 

separated into two parts to 
comprise the two rectifying units 
for each path through the bridge 
circuit. This circuit uses a 
simple transformer with a single 
Load Ending on the secondary. Un- 

+ der the ideal conditions orig¬ 

inally assumed, there are no 
extra losses in this transformer 
arising from rectification. Under 
actual conditions of rectification 
there is some wave distortion re¬ 
sulting in a utility factor of less 
* than one. 

Load The rectified output voltages of 
the single-phase circuits considered 
*** above are less than the input effec¬ 

tive voltages. If an output voltage 
greater than the input is desired, it 

Fig. 5. Voltage doubler circuits: (a) obtained by either of the 

full-wave; (b) half-wave. voltage doubler circuits given in 

Fig. 5. In ])art a full-wave rectifica¬ 
tion is secured by connecting two diodes in two arms of a bridge circuit 
with condensers in the other arms. While rectifying one-half a cycle 
of an a-c voltage, the upper diode will charge the upper condenser to a 
potential approaching Emax- Similarly, on the second half-cycle, the 
lower diode will charge the lower condenser to a potential approaching 
-Emax- Since the diodes rectify voltages that are series aiding, the total 
voltage across the load and the two condensers in series will approach 
the value 2^niax* The actual voltage will depend upon the current 
drain (discharge) by the load and upon the cathode-anode voltage 
drop across the diodes. Part b of Fig. 5 shows another circuit for 
doubling the output voltage. Here on the first half-cycle of impressed 
voltage the diode on the left charges the condenser on the left to a 
potential approaching Emax- On the second half-cycle the peak voltage 
across the diode to the right is the impressed Emax plus the voltage due 
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to the charge on the left-hand condenser.^ The rectification of this 
combined voltage approaching 2Emtx charges the condenser oh the 
right to a load voltage approaching 2J?maz as in the first circuit. The 
circuit of part a gives better regulation, higher ripple frequency, and 
lower voltage across the condensers; the circuit of part h has a com¬ 
mon input and output terminal. 

The actual resistance and power loss of a rectifying unit will alter 
the voltage and current relations and efSciencies developed in the pre¬ 
ceding discussion where an ideal status was assumed. The rectifying 
units in any of the circuits considered may be high-vacuum diodes, gas 
or vapor diodes, or blocking-layer rectifiers. The differences in the 
characteristics of each of these units were discussed in earlier articles. 
It is possible to make some generalization covering these character¬ 
istics and thereby make a closer approximation for some factors of 
rectification. Thus for vacuum diodes and blocking-layer units the 
assumption may be made that the resistance is constant. If the resist¬ 
ances of such a rectifier are represented by the symbol Rr, leaving the 
load resistance R^, then for any given set of conditions the rectified 
current and the rectified voltage will be reduced in the following ratio. 

Ratio of reduction =-=- (8) 

(high-vacuum tubes) Rh + Rr 1 + {Rr/Rl) 

In gaseous and vapor tubes the arc drop or cathode-anode drop is 
practically constant. If this drop is represented by Vr, then the in¬ 
stantaneous values of the output voltage will be the impressed value 
minus Vr as shown in Fig. 6. Any general analytical solution for this 
case becomes somewhat involved and of doubtful value. 

The output voltage Fac of a rectifier using vacuum diodes or block- 
ing-type cells will decrease with load by an amount determined by the 
reduction factor (equation 8). If it is necessary to hold the value of 
Fdc to a constant value, it is necessary to vary the input voltage E ^. . 
This can be accomplished in steps by changing taps on the primary of 
the input transformers in Figs. 2 or 3, or more exactly by some form of 
input voltage regulator. 

Hultiphase Rectifier Circuits. Multiphase rectifier circuits are used 
whenever moderate or large magnitudes of d-c power are applied. Such 
circuits have the advantage of utilizing the standard three-phase power 
distribution system and they furnish smoother rectified voltage and 
current waves at higher efSciencies. A simple three-phase circuit illus- 
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trating the principle of multiphase rectification is given in Fig. 7. 
Power is supplied through a three-phase, delta-wye connected trans¬ 
former to a three-anode unit rectifier. The rectifying units may con¬ 
sist of vacuum diodes, gaseous diodes, phanotrons, ignitrons, or exci¬ 
trons having all cathodes connected together, or a multielectrode tank 
rectifier having a single-cathode mercury pool may be used. The d-c 
load is connected to the common cathode terminal (+) and to the 
neutral of the transformer secondary. All half-wave multiphase cir¬ 
cuits require that one load terminal arise from a neutral or common 

point in the transformer supply 
secondary. The effective a-c 
voltage for rectification Erma is 
always the voltage measured 
from the transformer neutral to 
the anodes of the rectifier. 

An analysis of the action of 
multiphase rectification may be 
made by assuming ideal rectify¬ 
ing units with zero resistance, an 
ideal transformer, a pure resist¬ 
ance load, and a sine wave of 
applied voltage. The variation of voltage across the anodes during 
one cycle is depicted in the middle section of Fig. 7 and the resulting 
current waves in the lower section of the figure. The d-c voltage waves 
will have the same form as the current waves. The rectified waves 
have ripples per cycle equal to the number of anodes but the ripples 
are lower in magnitude giving a lower ripple factor and a much 
smoother wave. Under the ideal theoretical conditions assumed, the 
rectified current flows to the anode having the highest positive potential 
and that means that each of three anodes will carry the current for 
27r/3 part of each cycle. Since the ripples on the load side of the trans¬ 
former are equal and continuous, the d-c or average value of the cur¬ 
rent or voltage will be the average value of a single ripple wave. The 
peak value of the ripple voltage is the maximum value of the im¬ 
pressed voltage Etaax* As the number of phases and anodes increase, 
the number of ripples and the average d-c voltage increase and the 
voltage approaches the maximum value of Emtix- 
One method of obtaining a low ripple from a three-phase circuit 
and a standard transformer is shown in the circuit of Fig. 8. In prac¬ 
tice, this circuit, using a delta-connected transformer, generally em- 



Fig. 6. Effect of a constant arc drop 
upon the output voltage of a rectifier. 
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ploys the blocking-layer rectifier. Six rectifier tubes of any type can 
be employed though the higher cost of the tubes may make their use 
uneconomical. The transformer phase voltages and the resulting cur¬ 
rent output with six ripples per cycle is shown at the right of Fig. 8. 




Fia. 7. Half-wave, three-phase rectifier circuit and voltage-current waves (bold¬ 
face arrows show direction of conventional current). 

Obviously, this three-phase circuit is analogous to the full-wave single¬ 
phase bridge type of circuit. 

A schematic circuit for six-phase rectification using a special trans¬ 
former and a rectifier having six anodes is given in Fig. 9. This circuit 
is called the three-phase diametric (six-phase star). Twelve and 
occasionally eighteen anodes are used for rectification. The ratio of 
voltage conversion, that is, volts of direct current to volts of alternating 
current effective for a few multiphase circuits, is given in Table 1. 


Anodes 


3 


TABLE 1 
6 


12 


18 
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The voltage ratios given for the ideal circuit do not hold for the actual 
circuit because of the voltage regulation of the transformer and the 
cathode-anode drop in the rectifying unit. Hence the load voltage reg- 



Fia. 8. Full-wave bridge, three-phase rectifier with voltage and current rela¬ 
tionship. 



Pig. 9. Schematic six-phase rectifier circuit and wave form. 


ulation of the multiphase circuit may be too poor to meet the require¬ 
ments of an application. Control of the output voltage can be effected 
in two ways. One method is to control the transformer input volt¬ 
age by a regulator or by using taps on the primary side of the input 
transformer. These methods are not well adapted where large amounts 
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of power are involved. The second method is to control the time of 
firing of the anodes by grid action. A delay in the firing of each anode 
will change the wave form of the rectified current and voltage and re¬ 
duce the magnitude of the average value. The application of this 
method is suggested in Fig. 10. This method of voltage control in¬ 
creases the ripple and the ripple factor. 

In the ideal multiphase rectifier circuit the anode at the highest 
positive potential carries the entire d-c load. As the potential of the 
conducting anode falls to that of a succeeding anode, the former drops 
the load and the latter picks it up so that only one anode is conducting 
at a time. In the actual rectifier 
circuit this sudden change of load 
requiring an infinite rate of change 
of current for the anodes participat¬ 
ing in the action does not take 
place. The transformer secondary 
winding that supplies each anode 
has some leakage reactance which 
opposes the sudden change of cur¬ 
rent. Accordingly, the current in 
the first conducting anode tapers 
off and the current in the second anode rises as the two anodes pass 
each other with regard to positive potential. Thus in practice there 
are periods of transition when two anodes are conducting at the same 
time. In special cases, such as twelve- or eighteen-anode circuits, 
there may be three or more anodes conducting simultaneously. A 
twelve-phase ignitron rectifying unit is shown in Fig. 23. 

In multiphase rectifier circuits, as in single-phase circuits, the part- 
time rectification of current from each phase produces distorted (non¬ 
sine-wave) currents in the transformer secondaries and may produce 
residual magnetomotive forces and fluxes in the cores of the trans¬ 
former feeding the rectifier. These things introduce problems in the 
design and selection of transformer connections to give optimum re¬ 
sults and efiiciency. An analysis of these problems lies in the realm 
of the study of power transformers. However, it should be noted that 
simple multiple-phase circuits such as shown in Figs. 7 and 9 are 
seldom employed. The high peak-to-average demand on the rectify¬ 
ing elements together with poor transformer utilization, eflSciency, and 
regulation dictate the use of multiple-conduction circuits using inter¬ 
phase and other special transformer connections like those illustrated 



Fig. 10. Voltage control through de¬ 
lay in firing time. 
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in Fig. 11. Thus a rectifier may sometimes be referred to as a 36- or 
72-phaBe rectifier (common in electrochemical installations), though 
it is generally made up of a number of three-phase wye groupings 
properly phased and interconnected with interphase transformers. 

The power losses in multiphase rectifiers consist of (1) those in the 






Fia. 11. Delta-zigzag and interphase transformer connections for three- and six- 

phase rectification. 


input transformer, (2) those in the rectifying unit, plus (3) those in 
auxiliary equipment. Transformer losses under load are relatively 
low and the full-load efficiency of transformers is very high. In the 
rectifying tmits the losses consist of power for producing thermionic 
emission (if thermionic cathode is employed) plus the loss in the 
cathode-anode circuit. The cathode-anode fall of potential is of the 
order of 10 to 20 volts and if the output voltage is 600 volts or higher, 
the percentage of power lost across the rectifying unit is very low. 
Thus for 600 volts and an arc drop of 15 volts the power loss in the 
arc is 2.5 per cent, and for a load voltage of 3000 volts with 15 volts 
arc drop the power loss is only 0.5 per cent. The over-all efficiency of 
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complete rectifying units of moderate and large size may well be of the 
order of 95 to 97 per cent. 

Summary on Rectifiers. A summar}’' covering some of the important 
factors and applications of rectifying units is given in Table 2. 



TABLE 2. 

SUMMARY ON RECTIFIERS 


Cathodb 

Load 

VOLTAOB 

Load 

CUBBBMT 

Invbrsb 

VOLTAGB 


Dbyzcii 

CONTSNT 

Ranob 

Rangb 

Pbak 

Appugatzoxib 

Kenotron (high- 
vaouum diode) 

Hot (vacuum) 

0-100,000 

Few am¬ 
peres 

100,000 

High voltage-low current plate 
supply for X-ray tubes, radio 
transformers, Predpitron, etc. 

Gaseous rectifier 

Hot (gas) 

0-220 

0-15 

300 

Charging storage batteries. 

(Tungar) 

Phanotron 

Hot (vapor) 

0-2,500 

0-30 

5,000 

Charging storage batteries. 
Generator and motor fields. 

Thyratron 

Hot (gas or va¬ 
por) 

0-100,000 

0-100 

100,000 

Control equipment. Lighting, 
timing, relays, heating, etc. 

Grid-glow tube 

Cold (gas) 

0-300 

0-0.0001 

600 

Control for sensitive relays. 

Ignitron 

Mercury pool 

0-3,000 

0-«o 

3,000 

Power rectification, resistance 
welding, inversion. 

Metal-tank recti- 

Mercury pool 

0-3,000 

0—* 

3,000 

Power rectification, inversion. 

fier 

Excitron 

Mercury pool 

0-3,000 

O-oo 

3,000 

Power rectification. 

Blocking-layer 

Cold metal 

7-15 volts 

0-1,000 

5-50 

Battery charging, electroplat¬ 

rectifiers 

f 

plate 

per cell 


volts 

per 

cell 

ing, motion-picture arcs, 
cathodic protection. 


Smoothing Filters. A smoothing filter is a circuit element or a net¬ 
work designed to reduce the ripples of current and voltage in the output 
of a rectifier. Some applications of direct current can utilize the pul¬ 
sating output of a rectifier without modification but in the majority of 
cases a smoothing out of the ripples is necessary. The basic elements 
for smoothing action are condensers and inductance or choke coils. 
The former act through their ability to store energy in electric fields 
and the latter through a similar storage of energy in magnetic fields. 

Condensers for filter service are made in several types and ratings. 
Electrolytic condensers have a thin dielectric film of oxide on alumi¬ 
num foil. They combine a large capacity with a small size and are 
available for potentials up to approximately 800 volts. For higher 
voltages condensers are made with a dielectric of thin paper impreg¬ 
nated with oil. For very high voltages mica is used as a dielectric. 

Chokes or inductance units for filters consist of coils wound oa iron 
cores having a short air gap in the core to prevent magnetic satura¬ 
tion at normal load current values. If the iron core approaches mag¬ 
netic saturation its-permeability decreases, the inductance of the imit 
thus being decreased. The change of inductance with the magnitude 
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of the current is sometimes useful in filter application. Thus a choke 
with an air gap in its core may present a high inductance at low values 
.of current and a much lower inductance as magnetic saturation is 
approached. Such an inductance is termed a swinging choke. 

The simplest filter circuit for a half-wave, single-phase rectifier con¬ 
sists of a condenser placed in parallel with the load on the output side 

Electrons 



(c) 

Fig. 12. Half-wave, single-phase rectifier with a simple condenser filter. 

of the rectifier as shown in Fig. 12a. Assuming (1) an impressed 
voltage having a sine wave, (2) a rectifying unit (low resistance in 
forward direction), and (3) a high resistance load Rl, the voltage and 
current values in the circuit will vary as depicted in parts b and c of 
Fig. 12. First, the impressed voltage follows dotted line 6* which will 
charge the condenser C as it rises to the first peak. Then, as the im¬ 
pressed voltage falls below the voltage across the condenser, the recti¬ 
fier will cut off and the energy stored in the condenser will discharge 
through the resistance J?/, in accordance with the transient equation: 
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j^-t/RC 



The voltage across the condenser and load will decrease, as shown by 
the full line Cjj, until the next positive loop of impressed voltage rises 
above and then the condenser charges again. The current in de¬ 
livered to the load follows the trend of the voltage across the load. 



Fig. 13. Full-wave, single-phase rectifier with a simple condenser filter. 


The current i flowing through the rectifying unit rises in pulses as shown 
by the full line in part c, Fig. 12, and the charge and discharge current 
for the condenser follows the trend of the dotted line It should be 
noted that the pulses of current through the rectifier have a high 
transient peak and will damage the cathode of a gaseous or vapor- 
rectifying tube. Obviously, the magnitude of the load current i^ pd 
the magnitude o f the voltage and curre nt ripples will be dete rmined 
by the values of C and^/.. I n th^ctu al rectifier the rectifying unit 
haFsome resistance which produces a voltage drop and reduces the 
voltage across the load. As 2f£~apj^acFes «,^ will approach 
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A simple condenser filter connected in a full-wave rectifier circuit as 
shown in part a of Fig. 13 will produce voltage and current waves as 
illustrated in part b. In comparison with the half-wave rectifier of the 
preceding paragraph, this circuit has output ripples of double the fre¬ 
quency but of lower ripple magnitude and gives a smoother output. 
The pulses of input current i and the condenser current ig are indicated 
in part c. 



Fio. 14. Half-wave, single-phase rectifier with a choke filter. 


A simple choke filter connected in the output of a half-wave single¬ 
phase rectifier as shown in part a, Fig. 14, will produce the current 
and voltage waves given in part b. The inductance of the choke will 
retard the rise of current through the rectifier and, after the impressed 
voltage reaches its positive peak, the energy stored in the magnetic 
field will continue the d-c pulse after the applied voltage becomes nega¬ 
tive. Thus the conduction period will continue for more than one half¬ 
cycle, though the rectified current will be extinguished and appear as 
pulses. This peculiar action is explained by the induced voltage across 
the choke as illustrated by the curve c*. The voltage across the load 
will have the same pulse wave shape as the current. In a full-wave 
rectifier without filter the current falls to zero at the end of each half¬ 
cycle. Here a simple choke filter will serve to reduce the peaks and 
prevent the current from falling to zero, as shown in Fig. 15. Likewise, 
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for multiphase rectification where the number of ripples is increased 
and the ripple factor reduced, the simple inductance filter will be very 
effective in smoothing out the ripples. The voltage wave form across 
a resistance load will follow the trend of the current wave. 

Filter circuits using combinations of the condenser and chokes will 
give more effective smoothing action. One simple circuit combination 

is shown in Fig. 16. Here the series 
n * ' gggg w - choke will retard the rise and fall of 

f p current input to the shunt condenser 

and load. This action will reduce the 
magnitude of voltage across the con¬ 
denser as well as reduce the change in 
voltage applied to the condenser and 


I 

i 





Fig. 17. L-type filter with a con¬ 
denser input. 


load. The condenser, in turn, will absorb energy on the higher voltage 
inputs and release this energy when the input voltage is low. Both 
actions tend to maintain a constant voltage across the load and give a 
good filtering action./ The voltage and current relations in the choke 
input L-type of filter are shown in parts b and c of Fig. 16. A second 
form of L filter uses a shunt condenser on the input side as in Fig. 17. 
In this circuit the condenser charges rapidly with the rise of rectifier 
output and to a much higher voltage 






X 



than in the preceding case. The 
series choke, in turn, retards the 
change of current flow to the load 
and tends to hold constant the volt¬ 
age at the load. Obviously, the 
voltage at the load is higher than 
in the preceding choke input circuit. 

The preceding simple filter sec¬ 
tions consisting of condensers and 
inductances in “lumps” are fre¬ 
quently called brute-force filters. 

These filters provide satisfactory 
filter action for many applications 
at minimum cost. Better filtering 
action will be obtained if the capacitance and inductance are broken 
into smaller units and assembled in w and T sections, as shown in 
Fig. 18. The cost of the complete filter having multiple units is greater 
because the cost per unit of capacity or inductance is increased as the 
capacity of the unit decreases. Hence economy as well as the excel¬ 
lence of filtering action must determine the selection of the filter 


__ l—L _L 

Fig. 18. Combinations of jt and T sec¬ 
tions to give superior filtering action. 
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design. In applications where the load current is of low magnitude 
and where cost or weight of apparatus are critical, resistors are some¬ 
times substituted for chokes in smoothing filter circuits. 

Comparison of Filter Circuits. The simple condenser and all 
other condenser input filter circuits cannot be employed with hot- 
cathode gaseous and vapor rectifier tubes. This follows because (1) the 
impedance of a condenser to its charging current is very low, and 
(2) gaseous and vapor rectifier tubes will not withstand cathode-anode 
potential drops above approximately 28 volts during the conduction 
period without damage to the cathode arising from positive ion bom¬ 
bardment. Vacuum-tube and blocking-layer rectifiers can be used 
satisfactorily with condenser input filters. 

Economy and performance determines the selection of the proper 
filter circuit. The simple parallel condenser is low in cost for half¬ 
wave rectification. The condenser input L filter gives a higher load to 
input-voltage ratio but is likely to give poorer load-voltage regulation. 
Since the cost of condensers rises rapidly with voltage rating, the choke 
input may prove more economical for higher load voltages. The choke 
input L type gives a lower load to input-voltage ratio but has better 
inherent voltage regulation. The simple series choke filter is usually 
satisfactory for filtering with multiphase rectifier circuits. 

Precautions on Peak Inverse Voltage. In designing rectifier circuits 
and the accompanying filters, the engineer must give due consideration 
to the peak inverse voltage to which the rectifying units will be sub¬ 
jected. As pointed out on page 263, the presence of a condenser filter 
on a half-wave rectifier may subject the rectifying unit to an inverse 
peak approaching two times the a-c maximum voltage. Transient 
voltage surges on supply lines or transients due to transformer swi'tch- 
ing may increase the peak inverse voltages to which rectifiers are sub¬ 
jected. The peak inverse voltage that a tube will withstand (especially 
gaseous tubes) varies with the operating temperature, and a suitable 
safety factor should be used for variations of this type. 

Analysis and Design of Filters. The current that flows in the out¬ 
put of rectifiers and also in the output of smoothing filters is unidi¬ 
rectional and may be analyzed into a direct-current component and 
one or more alternating or ripple components. In accordance with 
fundamental a-c circuit theory, such a current (or voltage) may be 
expressed by an equation known as a Fourier series. Thus 

y “ /(^) = Ao + sin ^ + Bi cos ^ + A 2 sin 25 + B 2 cos 2^ 

+ As sin 35 + Bs cos 35- • • + An sin n5 + Bn cos n5 (9) 
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If equation 9 is applied to the output of a rectifier the first term Ao 
represents the d-c component of current, Ai and Bi the component 
values of the fundamental in the wave applied to the rectifier, Az and 
Bz components for the second harmonic, and a similar consideration 
for the other higher harmonics. Usually the value of the constants 
in equation 9 is unknown but a photographic record of the wave from 
an oscilloscope is available. For this situation the method of wave 
analysis described in textbooks on alternating-current circuits may be 
applied.* 

For many rectifier circuits many of the terms in equation 9 are zero 
or of such small value that they can be neglected. For example, in 
the idealized half-wave, single-phase rectifier circuit of Fig. 2 the ex¬ 
pression reduces to 


e = Em 



1 2 2 

- sin -cos 2ut -cos 4w<- • 

2 3t 15ir 


■) 


( 10 ) 


Here the first term (Eac) and the second term, the fundamental a-c 
component, are the important terms as far as magnitude of voltage or 
current is concerned. For the idealized full-wave, single-phase rectifier 
circuit of Fig. 3, equation 9 becomes 


J? / 2 2 \ 

e = 2 — (l-cos 2(at -cos 4w^ • • ) (11) 

IT \ 3 15 / 

For this case the first two terms (/dc and the second harmonic) are 
primarily responsible for the determination of the magnitude of the 
instantaneous voltage. More direct and simple determination of the 
a-c and d-c components was given earlier in the chapter. 

The design of a smoothing filter for a particular application requires 
the selection of the most economical type of filter and the selection 
of suitable ratings for the filter elements. The direct objective of the 
design is to reduce the ripple of the filter output to the magnitude 
necessary for the application. Ripple is usually expressed in per cent 
and may be defined as ripple factor times 100. Thus, 


Per cent ripple 


a-c ripple voltage (rms) 


X 100 


d-c output voltage 

The a-c ripple voltage in the output of a filter may be determined from 
the a-c component in the rectifier output by the application of simple 


*See Chapter VI, Kerchner and Corcoran, Alternating-Current Circuits, sec¬ 
ond edition, John Wiley and Sons, Inc. 
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m 

a-c circuit theory. On the principle of the potential divider, this is 
carried out in Fig. 19. Equations 12, 13, and 14 developed in this 







(C) 





Fig. 19. Circuits for approximate calculation of ripple voltage at output of 
filters. (Equations apply to lowest ripple frequency, not supply frequency.) 


figure neglect the resistance of the chokes and assume that the load 
resistance Bi, is large compared with the reactance of the capacitors. 

The following approximate equations for the calculation of per cent 
ripple are taken from the 1945 edition of the Radio Amateur^a Hand¬ 
book, page 178. 
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Single-section filter (Fig. 196) full- 
wave rectifier 

Two-section filter (Fig. 19c) full- 
wave rectifier 


100 

% ripple = — 
« A/0 


% ripple = 


650 

IAL2{Cl + C2) 


2 


(15) * 

(16) * 


These equations can be used for other ripple frequencies by multiply¬ 
ing each inductance and capacity value in the filter by 120/F, where F 
is the actual ripple frequency. 

The function of the filter input choke in the three filter circuits of 
Fig. 19 is to limit the peak output current from the rectifier and to 
raise the ratio of the average to peak current (smoothing effect). To 
perform this function the impedance of this choke must be high. The 
necessary magnitude for this input choke can be calculated approxi¬ 
mately for the full-wave, single-phase circuits of Fig. 19, as follows. 
First, it is obvious that for good filter action the instantaneous current 
in the input to the filter should never fall to zero. This current is com¬ 
posed of a d-c component and several a-c components, the maximum 
of which is the fundamental component of equation 11. The d-c com¬ 
ponent of the current through the input choke is Eac/Rt, where Rt is 
the sum of the load and the choke resistances. The peak a-c funda¬ 
mental component of current is Epi/L<o, if Lto ^^Rt and Epi is the 
amplitude of fundamental ripple voltage component. Hence for good 
filter action 

Edc ^ Efi 

Ri L(t3 

and 

Lo) Ep\ 

Rt Edc 


Rt Epi ^ Rt • % 

2t/^ 2t • 120 

Rt 

1130 


(17) 


where the ripple frequency is 2 X 60 and the ratio of Efi/E^c is % 
from the second and first term of equation 11. Equation 17 gives the 
critical value for L in the input choke. Experiments have shown that 
a somewhat higher value of L is desirable because of neglected higher 

♦ L is in henries and C in microfarads. 
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harmonics so that the usual and more conservative formula given 
in handbooks is 



There are no simple formulas for calculating the ripple voltage 
of filters having a condenser input (Figs. 12 and 13), but this voltage 
will decrease as the magnitude of the capacitor and inductance is in¬ 
creased. Experimental data using the oscilloscope offer a practical 
solution. Filters for radio power supplies use capacitors of the order 
of 4 to 8 /if and chokes of the order of 10 to 30 henries for single-phase, 
full-wave rectifiers having a ripple frequency of 120 cycles. For 
ripple frequencies other than 120 the inductance and the capacities 
should be multiplied by the ratio 120/F, where F is the ripple fre¬ 
quency. 

It is considered good practice to connect a high resistance across 
the output of a filter to bleed off the condenser charge when the power 
supply is not in service. This resistance known as a bleeder resist¬ 
ance should be selected to draw 10 per cent or less of the rated output 
of the power supply. 

The output voltage of a filter falls with an increase of load. At no 
load the output voltage approaches the maximum of the impressed 
a-c wave. Normally the bleeder resistance will draw sufficient cur¬ 
rent to hold the output voltage below the a-c maximum. As the load 
on the power supply is increased the output voltage will fall due to the 
voltage drops in (1) the rectifying unit, (2) the resistances in any 
series chokes, and (3) the resistance of input transformer windings. 
The operation of the choke input filter is improved by a “swinging 
choke’^ for the input unit. This choke provides a high value of in¬ 
ductance when the only load consists of the bleeder resistance and 
then gives a lower inductance as the load rises (22 l decreases) to ful¬ 
fill the requirements of equation 18. Thus the bleeder current is the 
critical current which determines the rating of the input choke. In 
making calculation of the voltage regulation of a power supply the 
current taken by any bleeder resistance must be added to that pass¬ 
ing through the load resistance. 

Inversion Circuits. An inverter is a device for converting direct cur¬ 
rent to alternating current. The oscillator discussed in Chapter IX is 
such a device and is designed for high frequencies and generally for 
small amounts of power. For low frequencies and larger amounts of 
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power, electronic devices such as the thyratron, the ignitron, and mer¬ 
cury-arc rectifiers are used in inverter circuits. The function of the 
tubes is to commutate or perform a switching operation. It is essential 
that the electronic device have grid control and that units of induct¬ 
ance or capacity or both be employed to produce inductive and ca¬ 
pacitive storage capacity. Many combinations of these elements may 
be used for producing inversion. 

One simple inverter circuit in which the device determines its own 
frequency is given in Fig. 20. In this circuit the resistance Ri is rela¬ 
tively high and R 2 is relatively low. Before the d-c switch S is closed, 



Fig. 20. Simple circuit using a thyratron for inversion. 

the anode, grid, and cathode of the thyratron are at the same potential 
and the condenser C is discharged. When S is closed the grid is made 
positive with respect to the cathode, and hence if the d-c voltage is 
higher than the ionization potential, the thyratron will ‘^fire^^ and 
current will flow through L, R 2 , C, and Ri in parallel. Since Ri 
is large, the condenser will charge quickly and the potential of the 
cathode will rise. The rise of potential of the cathode will tend to 
lower the potential across the cathode-anode circuit below the ioniza¬ 
tion potential. At the same time the inertia effect of the inductance L 
tends to maintain the current and will produce an induced voltage to 
maintain the current. As a result the condenser C will continue to 
charge and the voltage across it will rise above the d-c impressed 
voltage. When the energy stored in the core of L is expended, the 
voltage across the thyratron falls, leaving the potential of the cathode 
higher (owing to condenser) than the anode and higher than the grid. 
Hence the current through the thyratron ceases and deionization takes 
place. In the meantime, the condenser discharges through the resist¬ 
ance jBi. As the condenser discharges and lowers its potential and 
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that of the cathode to the point where anode-cathode potential reaches 
the ionization potential, and when the grid voltage reaches the point 
where it will fire the thyratron, the thyratron conducts current again, 
and the cycle is repeated. Obviously, the time of firing and the result¬ 
ing frequency of the oscillating cycle can be varied by the position of 
X on the potentiometer ah which controls the grid bias. The frequency 
can be controlled also by variation of JBi or C. 

A transformer placed in the circuit of the thyratron would deliver 
alternating current to a suitable load. The wave form of this type of 
inverter is not sinusoidal. 



Pig. 21. Single-phase inverter using two thyratrons. 


In most power inverters the frequency is determined by a separate 
source. A simple schematic circuit for a single-phase inverter of this 
type is given in Fig. 21. Two thyratrons, A and J5, with grids controlled 
by a separate voltage source are employed in a balanced circuit ar¬ 
rangement wherein both anodes are connected to the positive side of 
the d-c supply. Assume that the grid supply at the instant of starting 
is positive for A and negative for B, Tube A fires and conducts elec¬ 
trons from the negative d-c line through the upper half of the trans¬ 
former primary to the positive d-c terminal. The rise of current 
through the transformer winding creates an IX drop so that the po¬ 
tential of the anode of A falls to a value above zero equal to the c^h- 
ode-anode drop in the tube. Under this condition the capacitor be¬ 
comes charged, with the top plate negative and the lower plat^'^ posi¬ 
tive. When the grid control potential reverses and makes grid pf tube 
A negative and B positive, quick action follows. The negative grid 
on A has no direct effect upon tube conduction, but the positive grid 
on B causes it to fire and the resulting surge of current through the 
lower half of the transformer winding lowers the potential of anode B. 
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Simultaneously, electrons are supplied to the lower positive plate of the 
condenser C. This permits the unbound electrons on the top plate of 
C to flow off and lower the potential of the anode of A, thus permitting 
the now negative grid of A to regain control. At the end of the half¬ 
cycle the reverse process will take place with tube A conducting and 
tube B cut off. Thus the two tubes A and B serve as a reversing switch 


Alternating-Current Supply 



Fig. 22, Circuit using a mercury-arc rectifier for power inversion. (Courtesy 
Allis-Chalmerg Manufacturing Company.) 

to cause alternate pulses of current to flow through the primary of 
the transformer. The resulting flux reversals in the iron core of the 
transformer gives an a-c output in the secondary having the same fre¬ 
quency as the applied grid potential. 

Thyratrons have been used successfully for inversion by the Gen¬ 
eral Electric Company on an experimental d-c transmission line be¬ 
tween Mechanicville and Schenectady, New York. The inverter in¬ 
stallation consisted of two six-phase units operating in a twelve-phase 
relationship. The inversion unit had a rating of 5250 kilowatts and 
took constant current at 28,000 volts at full load from a d-c transmis¬ 
sion line. This inverter installation was made in 1936 and served to 
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convert many millions of kilowatthours of ^lectrical energy until 
operation was discontinued in 1947. ' 

The multiphase mercury-arc rectifier also can be used as an in¬ 
verter. A schematic diagram for this application is given in Fig. 22. 
This diagram is similar to that for rectification of alternating current 
but with three fundamental differences. First, the polarity at the d-c 
source is reversed though the direction of current flow through the recti- 



Fifi. 23. Twelve-phase ignitron rectifier unit. (Courtesy Westinghouse Electric 

Corporation.) 

fier is the same. Second, a reactor has been placed in the cathode 
lead. Third, the potential across the grid is controlled by a separate 
a-c source. The key to the inverter action lies in the application of 
and control of grid potentials. A positive potential on a grid will 
attract electrons to the grid and cause them to pass through to the 
anode. Hence if a-c potentials are applied to the multielectrode grids 
in the proper sequence, the resulting currents will pass through the 
secondary windings of the transformers connected to the anodes and 
produce a-c power in the primaries. The reactor in the cathode lead 
smooths out the power flow from the d-c source and tends to reduce 
short-circuit current if an occasional short circuit should occur. 

Ignitrons have been used for inversion and are destined to have an 
extensive application in this field. The circuit employed will follow 
that for the multiphase mercury-arc rectifier except that special firing 
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circuits will be needed for the ignitions. A twelve-phase ignition recti¬ 
fier which can be used for inversion is illustrated in Fig. 23. 

Possible applications of the mercury-arc rectifier as an inverter are 
for d-c transmission of power and conversion of d-c regenerated power 
on electrified railroads in mountainous districts. 

Problems 

1. In an ideal half-wave rectifier circuit the impressed rms voltage is 65 
volts. What is the d-c average voltage? If the peak value of current on the 
input side is 5 amperes, what is the 

2. In an ideal full-wave rectifier the rms values on the input are 90 volts 
and 6 amperes. Calculate the readings on a d-c voltmeter and ammeter in 
the load circuit. 

3. The unfiltered current from a half-wave rectifier (sine wave applied) is 
passed through a d-c ammeter and an a-c ammeter. When the d-c meter 
reads 12 amperes, what should be the indication on the a-c meter? Recalcu¬ 
late the problem for full-wave rectification. 

4. Recalculate Problem 3 when a current transformer (1/1 ratio) is in¬ 
serted between the a-c ammeter and the fine. 

5. A certain phase-shift voltage control on a three-phase rectifier delays 
the firing time to the peak of the impressed wave. What will be the resulting 
ripple factor? Refer to Fig. 7 and neglect the effect of inductance in trans¬ 
former and the arc drop. 

6. The vacuum diode of Fig. 15, Chapter III, supplies a rectified current 
of 100 milliamperes to a resistance load of 2000 ohms. Calculate the ratio 
of the reduction of the voltage (equation 8). 

7. A Tungar rectifier tube described on page 265, is used for half-wave 
rectification as shown in Fig. 2 to charge a 6-volt storage battery for auto¬ 
mobiles. If the battery takes 6 amperes at 7.5 volts, calculate the impressed 
a-c volts when the tube fires. If the transformer has an efficiency of 80 per 
cent for this load, calculate the over-all efficiency of rectification, taking care 
to include both cathode and arc losses. (The student should note that a 
storage battery is not a resistance load and that a new analysis and approach 
to the problem is required.) 

8. Substitute a copper oxide rectifier for the Tungar tube and recalculate 
Problem 7, assuming a peak inverse voltage of 12 volts per plate with a 
1-volt drop in the forward direction. 

9. Two phanotrons of Fig. 7, Chapter XII, are connected in the full- 
wave rectifier circuit to charge a 110-volt storage battery (125 volts when 
charging) at 40 amperes. Determine the approximate applied a-c volts on 
the secondary. If the transformer has an efficiency of 90 per cent, what is 
the over-all efficiency of rectification? 
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10. In the simple filter circuit of Fig. 12, assume that C = 1 microfarad, 
Rx^ = 100,000 ohms, and falls for second. Determine from Fig, 9b, 
Chapter V, the per cent of voltage drop from the maximum. Redetermine 
for Rjj = 10,000 ohms. 

11. A full-wave rectifier supplies power to a 4500-ohm resistor. The 
transformer voltage is 300 volts (rms) each side of center tap. Assume that 
each diode has a constant resistance of 450 ohms when conducting and that 
the total transformer resistance is 100 ohms. Calculate (a) the d-c load 
voltage; (6) the d-c load current; (c) the a-c load voltage; (d) the per cent 
ripple. 

12. If a filter is added to the power supply of Problem 11, what is the 
smallest inductance that the input choke may have if the load current is 
never to fall to zero? 

13. A single-section LC filter is to be used with the power supply of 
Problem 11. Suggest suitable values if the ripple is to be 5 per cent and 
give reasons for your choice. 

14. Suggest a suitable filter for the power supply of Problem 11 if the 
ripple is not to exceed 0.25 per cent. 

15. Design a full-wave rectifier delivering 1000 volts d-c at a rated full-load 
current of 400 ma. Assume that the total internal impedance of the power 
supply is 200 ohms. The ripple should not exceed 1 per cent. Calculate 
(a) transformer voltage; (6) bleeder resistance and power rating; (c) in¬ 
ductance limits of input (swinging) choke; (d) suggest a suitable filter de¬ 
sign; (e) indicate the necessary voltage and current ratings for the com¬ 
ponents. 
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Chapter XV 
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In 1905 Einstein suggested that light consists of closely packed 
bundles of energy which he termed “light quants.” These light quants 
or darts of light could travel long distances and still maintain the 
same quantity of energy, enough to emit electrons from a solid. This 
theory has come to be accepted as the quantum theory of light and of 
radiant energy. The energy bound up in the light quant is commonly 
called the “photon.” The concept of the scientist today regarding light 
is a dual theory—^light is a form of wave energy and a corpuscle 
(photon) at the same time. 

It is well to remember the reversible energy relationship in our 
electron theory of today. Thus in a gaseous conduction tube a flying 
electron may collide with a molecule of gas and give up its kinetic 
energy in exciting that molecule and cause it to give radiant light 
energy—^in photons—and again a photon of light impinging upon a 
surface may eject an electron into space. 

Spectrum of Radiant Energy. All forms of radiant energy are 
propagated at the velocity of light which is 3 X 10^^ centimeters per 
second in free space. Radiant energy is assumed to travel in the form 
of waves and the number of waves per unit of time is called the fre¬ 
quency. Since the rate of propagation is fixed, it follows that 

Frequency X wavelength = 3 X 10'® 

This equation gives a simple relation for determining either the fre¬ 
quency or the wavelength when one value is known. Wavelengths may 
be expressed in meters, centimeters, or angstrom units. The angstrom 
unit is lO""® centimeter or 10“® micron and is commonly used for radi¬ 
ant energy, particularly in the visible or near-visible range. A chart 
showing the entire spectrum of radiant energy is given in Fig. 1. The 
energy in a wave depends on the frequency. Thus cosmic rays are more 
effective than the gamma rays which, in turn, are stronger than the X 
rays. The range of radiation visible to the human eye covers but a 
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very small part of the spectrum (approximately from 4000 to 8000 
angstrom units). Below the visible rays are the heat rays which, in 
turn, lie above a wide band of radio waves. The visible spectrum is 
shown in the lower right-hand corner of Fig. 1. 

Photoelectric Action. The term photoelectric implies the action of 
light in producing electricity. Since all electrical phenomena involve a 
displacement of electrons, the term photoelectric means the action of 
light upon electrons. When photons of light impinge upon solids they 
have the power of disturbing or releasing the electrons within that solid. 
The resulting movement of electrons gives rise to various kinds of 
electric phenomena. Thus electrons may be emitted from a solid and 
the action is termed 'photoemission. The electrons may be moved 
across a barrier in the solid, producing a difference in potential, giving 
rise to a photovoltaic action. Lastly, the photons may penetrate the 
solid suflSciently to release electrons and change the resistance of the 
substance, giving rise to the term photoconduction. Commercial de¬ 
vices have been built to utilize these three different aspects of photo¬ 
electric action. 

Photoemission. In 1888 William Hallwachs found that, if he 
charged a zinc plate to a negative potential and then exposed it to 
ultraviolet light, it gradually lost its charge. However, the plate did 
not lose its charge when exposed to ultraviolet light after being raised 
to a positive potential. This phenomenon has been thoroughly in¬ 
vestigated since the time of Hallwachs and it has been found that 
metals and many other substances as well exhibit it to a greater or 
lesser degree. This phenomenon wherein the electric charge upon a 
body may be changed by light is known as the Hallwachs effect. 

Two famous co-workers, Julius Elster and Hans Geitel, experimented 
with many metals and observed that the photosensitivity of aluminum, 
magnesium, and zinc was superior to that of many other metals. From 
this they reasoned that the more electropositive metals would give 
better results. This expectation was proved by experiments with the 
alkali metals, sodium and potassium, and later with amalgams of these 
metals placed in an evacuated tube. Later experiments by others have 
shown that cesium, rubidium, and the alkaline earths, particularly 
strontium and barium, are satisfactory photoelectric emitters. 

The theory of photoelectric emission is analogous to that of ther¬ 
mionic emission. Photoelectric emission results f rom the kiufttifi on orgy 
of the photon of light being imparted tq the electrons in the surface of 
the emitter. In thermionic emission the kinetic energy of agitation 
due to the high temperature of the cathode gives some electrons at the 



PHOTOEMISSION 


surface suflScient velocity to overcome the electron aflSnity at the sui;- 
face. Satisfactory photoelectric emitters have a low work function* 
According to the Bohr theory, their atomic structure consists of a 
nucleus surrounded by a closely grouped band or completed system of 
electrons plus one lone outer electron in alkali metals, and two lone 
electrons in alkaline earths. It is these lone electrons which are sub¬ 
ject to removal. The photons of light meeting these lone electrons may 
add to the normal velocity of the electrons sufficiently so that they 
overcome the electron affinity or work function and fly away from the 
emitting substance. 

There are two laws of ph otoelectric emission. The first states: The 
number of electrons released per unit of time at a photoelectric surface 
is directly proportional to the intensity of the incident light. This law 
has been tested for a range of intensities varying from zero to full 
sunlight. Wherever apparent deviations have been discerned they 
can be explained by errors in measurement or by inherent faults within 
the cell employed which tended to introduce spurious currents or to 
hinder the total number of electrons actually released from being col¬ 
lected. This law makes the principle of photoemission very valuable 
for light measurement and many other applications. The second law 
states: The maximum energy of electrons released at a photoelectric 
surface is independent of the intensity of the incident light hut is 
directly proportional to the frequency of the light. This law inaplies 
that the energy imparted to the electron by electromagnetic radiations 
is directly proportional to the frequency of these radiations. 

The reason for the first law of photoemission is rather obvious but 
that for the second law is not so clear. The second law was explained 
in 1905 by Einstein who reasoned that incident radiant energy was 
transferred to surface electrons in a quantum of magnitude hf wherein 
a portion of this energy was used for removal of the electrons and the 
remainder appeared as kinetic energy. In mathematical form Einstein 
states the relationship as follows: 


hf - <l> + ^mv^ (1) 

where h is Planck’s constant, / is the frequency of the incident light, 
and <l> is the work function of the emitter in equivalent electron-volts. 
The term hf is the energy of the impinging light (photons) which over-^ 
comes the work function and gives a velocity v to the emitted elec¬ 
trons. Inspection of equation 1 shows that if hf equals <l> the electron 
will have zero velocit;^ and will not be emitted. Thus there is a mini- 
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mum or threshold frequency for the incident radiation below which 
photoelectric emission will not result. Equation 1 has been verified 
experimentally. The second law of photoemission follows from equa¬ 
tion 1 because h and are constants for a given emitter, making 
proportional to /. Equation 1 holds only for the electrons lying on the 
surface which will have the maximum velocity of emission. Some light 
will penetrate the outer layer of atoms and liberate electrons within the 

emitter, but these electrons are 
likely to lose much of if not all 
their energy before leaving the 
surface. 

Color sensitivity is the relative 
response of photoemissive mate¬ 
rials to various light radiations. 
A curve of the sensitivity of po¬ 
tassium is given in Fig. 2. This 
curve covers the green-blue-violet 
part of the visible spectrum with 
the peak occurring in the violet 
range. Photosensitive materials 
having a peak in the red range of the spectrum are very desirable for 
use under the light from incandescent lamps which radiate their maxi¬ 
mum energy in the near infrared. 

Photosensitive films generally show a much greater emission than a 
pure metal or substance. In this respect and several others, photoelec¬ 
tric emission parallels thermionic emission. Thus thermionic emission 
from tungsten is greatly increased by a film of thorium one molecule 
thick, and emission from a metal covered by barium oxide with a mono- 
molecular layer of barium on the outside is still greater. The surface 
treatment of thermionic emitters also greatly affects the resulting emis¬ 
sion. These various factors control the work function of the emitting 
surface. In a similar manner the photoelectric emission may be im¬ 
proved by a thin (molecular) layer of cesium on magnesium, whereas 
a much greater emission may be attained by a thin deposit of cesium 
upon a sub-base of cesium oxide covering a base of pure silver. Again, 
the treatment of potassium in hydrogen will change the color sensitivity 
and will improve the emission of that light-sensitive material. 

Vacuum Phototubes. The photoemissive tube consists of a cathode 
having a photosensitive surface and an anode placed in a glass enve¬ 
lope. These two electrodes are connected in series with a battery 
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Fig. 2. Photoemissive color sensitivity 
of potassium. (Courtesy General Elec¬ 
tric Company.) 
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(anode positive) and a load consisting of a resistance as shown in Fig^ 
3. Light falling upon the cathode causes the emission of electrons 
which are attracted to the positive anode and which cause a current 
through the external circuit including the load. In the vacuum photo¬ 
tube the space within the glass envelope is highly evacuated. 

Many different types of construction have been used for phototubes. 
In the early type the cathode frequently consisted of a deposit of light- 
sensitive material on the inner wall of the spherical tube. A circular 
window for admitting light was 
made on one side of the sphere 
by evaporation using the heat of 
a Bunsen burner. Anodes usu¬ 
ally consist of a straight wire or 
wire ring placed near the center 
of the envelope. /Sodium, potas¬ 
sium, barium, rubidium, and 
cesium have been the materials 
used for the light-sensitive sur¬ 
face. Nearly all commercial 
tubes produced today are en¬ 
closed in cylindrical glass enve¬ 
lopes as shown in Fig. 4. The 
cathode is a plate bent into the 
form of a semicylinder. The light-sensitive material is deposited 
on the cathode after the tube is assembled and evacuated. For the 
measurement of ultraviolet light either sodium or cadmium may be 
used. In order to admit the ultraviolet light, quartz or some special 
glass such as Corex must be used. One scheme for admitting ultravio¬ 
let is to use a special thin circular window (1-inch diameter) of Corex 
glass which projects out from the standard cylindrical glass envelope. 
The highest sensitivity of phototubes to light from incandescent lamps 
is obtained through the use of the cesium oxide tube (developed by 
L. R. Roller) which consists of a monomolecular coating of cesium on 
a sub-base of cesium oxide upon a base of silver. This type of tube 
may be produced in a number of ways, one of which is as follows.* 

The cathode is made of solid silver or of silver-plated copper in the 
form of a semicylinder. The anode is a coaxial vertical wire with a 
disk of nickel welded to its top. The disk holds in a pocket a small 
pellet of cesium chloride and calcium or of cesium dichromate and 

* The following description is taken from Photocells and Their Application, by 
V. K. Zworykin and D. Wilson, John Wiley & Sons, 1934. 



phototube. 
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silicon. The glass press and its olectrodes are sealed into a cylindrical 
glass bulb. The tube is exhausted and baked in a furnace. After 
cooling, about 2 millimeters of oxygen are admitted and a glow dis¬ 
charge is passed between the anode and cathode. Oxidation of the 
silver is evidenced by a progressive series of brilliant interference 
colors on the cathode. The glow is continued intermittently until the 
color of the cathode passes through the first bright green. The residual 



General Characteristics 
Vacuum and gas diodes 
Cathode surface 
Cathode size 

Luminous sensitivity, 0 cycles, 
/iamp/lumen 

Luminous sensitivity, 10,000 
cycles, /lamp/lumen 
Radiant response fta/tiW at 
7500 Au 

Response max at 
Response, upper limit 
Response, lower limit 
Gas amplification, max 
Capacitance, anode-cathode 
Leakage resistance, mm 
Mounting pcusition 
Not weight 
Shipping weight 

Maximum Ratings 
Anode voltage, peak 
Anode current 
Temperature, ambient air 


Vacuum Qas 

-Si -Si 

0 81x1.38 0.81x1.38 in. 

15 50 

15 65 

0.0015 0.0060 

7,500 7,500 A 

11,000 11,000 A 

4,000 4,000 A 

... 7 

2.5 2.5 MMf 

4,000 90 meg 

Any Any 

2 oz 2 oz 

8 os 8 oz 


500 90 volts 

20 20 itanip 

100® 100® C 


Fig. 4. Phototube and characteristics. (Courtesy Westinghouse Electric Cor¬ 
poration.) 


gas is then pumped out. By means of a high-frequency field, the pellet 
disk is heated to a temperature high enough to explode the pellet and 
liberate cesium vapor which initially condenses on the glass walls of 
the bulb. The tube is then placed in a furnace and held at a tempera¬ 
ture of 200 to 225 degrees C. If the back of the cathode or the stem 
of the press is painted with a mixture of lead oxide or tin oxide in amyl 
acetate, all excess cesium will be absorbed by the paint and the cath¬ 
ode will become dark gray in color as the baking proceeds. When the 
edges of the cathode begin to turn light in color, the tube is completed. 
The color-sensitivity curve of a cesium oxide vacuum phototube made 
in this manner is given in curve Si of Fig. 5. The sensitivity of this 
tube is of the order of 10 to 20 microamperes per lumen. 
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Since the current output of vacuum tubes is ^o small, any leakage 
between the cathode and anode lead-in wires may be troublesome. 
For low light intensities any leakage current through the glass or on 
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Fie. 5. RoIativ(‘ n'spon.ses of throe diflfoi-c'nt photosensitive surfaces (dashed 
hues ar(' outside the range of Imman vision) iS’j is cesium-oxygen-silver, 
is ruhuliuni-oxygen-silver, and is discontinued. (Courtesy Westinghouse 

Electric C^orporation.) 

the inside or outside walls of the envelope may mask the real emission 
current. The magnitude of the leakage current may be reduced in two 
ways. If the leads come to the tube base, a conducting ring may be 
sealed in the glass stem around the anode lead and connected in shunt 
around the load resistance as shown in Fig. 6. 

A simpler arrangement is to bring the lead 
of one electrode out at the base and the other 
out of the top of the tube, making a long 
path for any possible leakage current. 

Negative space charge has little influence 
in the vacuum phototube because the cathode 
is made relatively large to collect light and 
the emission is small. Some space charge 
may exist near the anode but if this electrode 
is maintained strongly positive, the space 
charge has no detrimental effect. 

The variation of the anode current with anode potential for constant 
light intensity and a given color value is shown by Fig. 7. This indi¬ 
cates that a low potential of 20 to 40 volts will attract nearly all elec- 



Fic. 6. Circuit for elimi¬ 
nating leakage current in 
the load of a phototube. 
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trons emitted. Potentials of 90 to 250 volts are used in the circuits 
of vacuum phototubes. The resulting cathode-anode voltage drops for 
four values of load resistance may be obtained at the intersections of 
the load lines with the characteristic curve.* The curve for anode 
current versus light flux is a straight line following the first law of 
photoemission. Any deviation from this characteristic is due to fatigue 
in the light-sensitive material or some variable electric leakage. 

The vacuum phototube is suited for applications where the use of a 



Anode volts 

Fig. 7. Anodc-cunvnt voltage characteristic of a vacuum }>hototube. ((^)urtosy 
Westinghoiise Electric Corporation.) 

high resistance load is desirable to give maximum circuit sensitivity. 
It offers a high stability of operation and permanence of calibration. 
Thus it is^e^^for light-measuring and light-relay devices. This tube 
is also used where good dynamic response f is needed. 

Gaseous Phototube, The admission of a small amount of inert gas 
into a vacuum phototube will greatly increase the current flow owing 
to light falling upon the cathode. This amplification of current or 
increase in sensitivity may be tenfold in value, but it is usually limited 
to the order of three to seven times the current in a vacuum. This in¬ 
crease of current parallels that found in thermionic tubes containing 
gas, but the cause of the phenomenon is somewhat different. In the 
thermionic tube the increase is due to the neutralization of negative 

♦The load line represents the voltage drop across the load resistor of Fig. 3. 
Subtracting this drop from the d-c supply voltage gives the voltage remaining 
across the phototube. 

tSee page 374 for explanation of dynamic response. 
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space charge near the cathode, whereas space cl^rge is of little conse¬ 
quence in the phototube. The reasons for the current increase in the 
gaseous tube are (1) the additional ionic current which results as soon 
as the ionizing potential is reached; and (2) an increase in emission 
of electrons from the cathode due to the bombardment by positive 
ions. The change in anode current with rise in anode potential is given 
in Fig. 8 for five different amounts of light flux in lumens falling on the 
cathode. Obviously, a low anode i*>otential attracts all the primary 



Anode volts 

Fia. 8. Anodc-current voltage characteristic of a gaseous phototube. (Courtesy 
Westinghouse Electric Corporation.) 

electrons emitted. At 20 volts (approximately) the ionizing potential 
is reached and beyond that the current increases with voltage, at first 
slowly, later becoming accumulative in effect following the theory of 
the Townsend discharge described in the chapter on gaseous conduc¬ 
tion. The potential applied to the gaseous phototube circuit is 90 volts 
and the actual cathode-anode drop is limited by the load resistance. 
The trend of the curve will depend on the gas pressure and other 
factors. The operation of the gaseous tube must be kept below the 
glow-discharge point or the control of its operation by incident light 
is lost. 

The light-flux-current characteristic of the gaseous tube is given in 
Fig. 9. This curve is not linear but the deviation does not cause any 
undesirable distortion of music or voice when the tube is used for soimd 
on film. 

One disadvantage of the gaseous phototube is its poor dynamic re¬ 
sponse. Dynamic response corresponds to the high-frequency response 
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of amplifier tubes and,circuits. It refers to the speed with which the 
anode current follows changes in the light incident on the cathode. It 
is important when there is a high frequency in the light changes. The 
poor dynamic response is due to the current conduction by ions in this 
cell.^ At a given instant the space between the cathode and anode 
contains a large number of electrons and positive ions. The electrons 
are swept out of the space instantly by the positive potential on the 



Fia. 9. Light-flux-current characteristic of a gaseous photocell. 

anode but the positive ions, being relatively ponderous, move much 
more slowly toward the cathode. If the light drops to zero at a given 
instant, the positive ions take a little interval of time to reach the 
cathode; when they do reach it they may release a few electrons 
which then dart to the anode. Thus, although the light goes to zero 
instantly, the anode current lags in making the change. If alternating 
changes in light flux take place, the anode current will fall behind in 
making like changes and the lag will be proportional to the frequency 
of that change. The difference in the dynamic response between the 
vacuum unit and the gaseous unit is illustrated in the curve of Fig. 10. 

The standard commercial gaseous phototubes use a cesium oxide 
cathode. They are filled with argon at a pressure of about 100 microns. 
(A micron is a pressure equivalent to a column of mercury one-mil- 
lionth of a meter high.) They have a sensitivity of about 50 micro¬ 
amperes per lumen though some are built with sensitivity of 60 to 100. 
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The more common commercial tubes are about ^1% incUes in diameter 
and 4 % inches high (including base and pins). The cathodes are 
about 1% inches high with a diameter of inch. 

Curves of the color sensitivity of three types of cathode surfaces are 
given in Fig. 5. Surface Si covers the spectrum of the incandescent 
lamp satisfactorily. Surface S 2 is adapted for infrared rays and sur¬ 
face S 3 works best in the blue and ultraviolet region of the spectrum. 

Gaseous phototubes are used almost universally for sound repro¬ 
duction from films. They serve well in many other applications not 
requiring a high dynamic response. Some of these applications are: 
(1) for facsimile transmission of 
pictures, (2) as an “electric eye” 
in photometric measurements, (3) 
as an “electric eye” in color analy¬ 
sis and color matching, (4) for 
calibration of watthour meters, 

(5) for miscellaneous counting 
operations, (6) for detection of 
defects in manufactured articles, 

(7) for control of sign lighting, 
and (8) for control of artificial 
illumination in factories. 

Photovoltaic Devices. A photovoltaic device is one in which the 
energy in incident light creates a difference in potential. In 1839 
E. Becquerel discovered that, when one of two electrodes immersed in 
an electrolyte is illuminated, a difference in potential appears between 
the electrodes. This difference disappears when the electrode is in 
darkness. This principle has been employed in a commercial photo¬ 
voltaic cell known as Rayfoto. The cell consisted of a sensitive elec¬ 
trode of cuprous oxide and an anode of lead immersed in an electrolyte 
of lead nitrate. The sensitivity of this cell was about 150 micro¬ 
amperes per lumen. This cell and other electrolytic types of photo¬ 
voltaic cells have been displaced by the dry type of device. 

In 1876, while experimenting with the conductivity of amorphous 
selenium rods embedded in iron, Adams and Day discovered that a 
difference of potential was created when light fell on their apparatus. 
This phenomenon of the creation of a potential difference by light fall¬ 
ing on a junction of selenium and iron was rediscovered by Charles 
Fritts in 1884. Forty-six years later (1930), B. Lange observed the 
phenomenon for the third time. 



Fig. 10. Curve showing effect of dy¬ 
namic response. (Courtesy Zworykin 
and Wilson.) 
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The photovoltaic devices of the dry type consist of elements similar 
to those used in the blocking-layer type of rectifier—copper oxide on 
copper and selenium on iron. Curiously, when the device is used as a 
photovoltaic device the direction of the electron flow in these elements 
may be opposite to that observed when it is used as a rectifier. The 
action of a simple photovoltaic cell is illustrated in Fig. 11 (part a). 
Light falling upon a thin semiconductor layer (copper oxide or sele¬ 
nium) causes electrons to move to the metal (copper or iron). The elec- 


Light rays 


Electrons 


Semiconductor 
Barrier layei 
Metal 



(a) 


Sputtered 
metal film*" 
Barrier layer- 
Semiconductor- 
Metal collector^ 
plate 


Fig. 11. Construction of photovoltaic cells: 

type. 





u 








(b) 

(a) back plate type; 


(b) front plate 


trons that move to the metal are trapped, and they build up a negative 
potential in the metal. In the meantime, the semiconductor has lost 
electrons and assumes a positive potential, and a difference of potential 
is built up between the two electrodes. This difference of potential 
does not become very high (about 0.3 volt) because the electrons can 
leak back to the semiconductor through the barrier layer. 

The theory of the photovoltaic cell lies in the action taking place 
in the barrier between the metal and the semiconductor. The semi¬ 
conductor is in crystal form, and the crystals may touch the metal at 
points so that the area of contact is small. These crystals have a 
rectifying action and offer a high resistance to current flow across the 
barrier in one direction, but a low resistance for the opposite direction 
of flow. Light falling on the semiconductor penetrates it as far as the 
barrier crystals and there gives up the energy of the photons, which is 
sufficient to overcome the high resistance of the barrier and to cause 
electrons to move into the metal and become trapped. One may 
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wonder why the displaced electrons remain entrapped since the normal 
direction of electron movement via rectifying action is from metal to 
semiconductor. The answer to this question is to be found in Fig. 11 
in the chapter on crystal and metallic rectifiers. From this figure it 
will be noted that, while the resistance to current in the forward direc¬ 
tion is approximately zero for positive potentials of 1 or more volts, 
the resistance at low potentials of zero to 0.3 volt lies in the range of 
400 to 150 ohms. Higher values may exist for cells of different dimen¬ 
sions and construction. Hence it is obvious that, if a low-resistance 
circuit or load is connected to the two electrodes of the photovoltaic 
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' Lacquer j 



Contact 
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Sprayed Metal 
Positive Contact 


Spacing Contact for 
Positive Terminal 
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Fig. 12. Construction of a photovoltaic cell. 

pany.) 


(Courtesy General Electric Corn- 


element, the leakage current can be kept small. On the contrary, a 
high-resistance load will result in considerable leakage, 

Barrier-Layer Photovoltaic Cells. The photovoltaic devices in use 
today differ from the one just described in having a thin metallic layer 
sputtered on the surface of the semiconductor (Fig. 116). Gold and 
platinum have been used for this surface layer. The theory of action 
of this cell is the same as previously explained except that the direction 
of electron drift is reversed. This reversal results because the active 
metal or metallic layer is now exposed to the light which penetrates to 
the semiconductor layer and gives up its energy, thus moving the elec¬ 
trons from the semiconductor to the surface layer. This action reverses 
the polarity of the cell. 

It is probable that some light entering the cell may penetrate the 
semiconductor layer and cause a second action at the lower barrier, 
thus moving some electrons into the bottom collector plate. This 
second action will produce a counter emf effect but it will be small in 
magnitude. 

A commercial photovoltaic cell is shown in Fig. 12. Fundamentally, 
the device consists of a block of iron covered by a layer of selenium. 
A transparent composite layer is sputtered upon the selenium surface, 
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after which the entire unit is covered with a film of lacquer to protect 
it from the atmosphere. Contacts are established with the composite 
layer for one electrode and with the iron back for the other electrode. 
When light falls on the selenium, electrons pass to the composite sur¬ 
face layer. 

The current output of the selenium-iron device depends upon the 
illumination and the resistance of the external load. The variation of 

■12=0 Ohms 
[12=200 Ohms 

■12 » 400 Ohms 

12=600 Ohms 

12=800 Ohms 
12= 1000 Ohms 

R = 1500 Ohms 

12=2000 Ohms 
12= 3000 Ohms 
4000 Ohms 
•12=6000 Ohms 
12 = 10000 Ohms 


llluminatfon-Foot Candles 

Fia. 13. Current-illumination characteristic of a photovoltaic cell for various 
load resistances. (Courtesy General Electric Company.) 

current with these two factors is shown in Fig. 13. This variation is 
almost linear for zero external resistance and indicates that a low load 
resistance is very desirable for light-measuring devices. The change 
from linearity for high load resistance is due to the increase in internal 
leakage across the barrier. The color sensitivity of the selenium-iron 
cell illustrated in Fig. 12 is given in Fig. 14. The sensitivity curve 
compares fairly satisfactorily with that of the human eye in the range 
of visible light. 

The characteristic of the selenium-iron cell changes with tempera¬ 
ture, particularly where the load resistance is high. These cells should 
not be used at temperatures higher than 50 degrees C. The action of 
this device is subject to fatigue; however, the error with exposure is 
slight if the external load resistance is kept small. This device is also 
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subject to aging, but the commercial products can be aged artificially 
so that there is no further change in the hands of the purchaser. 

The principal application of the selenium-iron photovoltaic cell has 
been for the measurement of light. One application known as a foot- 
candle meter (Fig. 15) consists of a selenium light cell and a sensitive 
ammeter built into a compact unit. A similar device, called an expo¬ 
sure meter, for photography, is illustrated in Fig. 16, 

Another commercial form of selenium-barrier-type photovoltaic cell 
is illustrated in Fig. 17. This de¬ 
vice is called a 'photronic cell and 
is supplied in three grades of sensi¬ 
tivity varying from 2.5 to 4.5 micro¬ 
amperes per foot-candle. When 
equipped with a viscor filter the 
sensitivity of these cells very 
closely matches that of the human 
eye. Photronic cells are used in cir¬ 
cuits with sensitive d-c meters for 
light measurement, or they may 
be used to operate sensitive relays. 

The selenium photovoltaic cell 
may be connected to a meter in a 
simple series circuit if the resist¬ 
ance of the cell is suitable for 
damping the meter and for giving 
a linear deflection to the light response. If these factors are not 
satisfactory, shunt resistances may be employed across the meter and 
cell. The response of the photovoltaic cells to light change is satis¬ 
factory for light measurements, but for rapidly changing light, such 
as sound on film, the dynamic response is unsatisfactory. 

Copper oxide photovoltaic cells have a history and a theory of opera¬ 
tion that parallel those of the selenium-iron type. The photovoltaic 
action of copper oxide on copper was observed by Pfund in 1916. An 
English patent was ol)tained on the copper oxide element in 1928, and 
about 1935 a commercial photovoltaic cell using the copper oxide unit 
was placed on the American market. 

A comparison of the copper oxide and the selenium-iron photovoltaic 
cell shows that both units are subject to effects of temperature and to 
aging. The important difference is in the degree of aging and the period 



Fig. 14. Color sensitivity of a sele¬ 
nium photovoltaic cell. 
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of aging. Here, as in the dry-type rectifier units, the copper oxide unit 
is subject to a greater effect of aging. Although this aging effect is not 
so important in a rectifier, it becomes very serious if the unit is used 



Fia. 15. Photovoltaic foot- Fig. 16. Photovoltaic exposure me- 

candle meter. (Courtesy ter. (Courtesy Weston Electrical 

General Electric Company.) Instrument Corporation.) 


for the measurement of light. The decrease in the electron emission 
due to aging and to high temperatures causes the copper oxide light 
meter to lose its calibration, and accordingly the copper oxide photo¬ 
voltaic unit has been withdrawn from the market. 



Fig. 17. Photovoltaic cell (left); built into a foot-candle meter (right), (Cour¬ 
tesy Weston Electrical Instrument Corporation.) 

Photoconductive Devices. In 1873 Willoughby Smith observed that 
high-resistance elements consisting of tiny rods of selenium became 
better conductors when exposed to daylight or to any artificial illumi- 
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nation. Selenium is a chemical element which lies on the borderland 
between conductors and insulators. Under any condition it is a poor 
conductor, but in the gray crystalline form it shows a decrease in re¬ 
sistance under the influence of light. A large number of different forms 
of selenium cells have been devised to take advantage of this property 
of selenium. Many of these cells are old in the art so that this device 
antedates all other photoelectric cells in time of practical use. 

In order to utilize the peculiar property of gray crystalline selenium, 
it must be connected as in the circuit shown in Fig. 18. When light 
falls on the selenium its resistance decreases and the current in the 
circuit rises. If R represents a 
marginal relay it will be operated 
by the increase of current due to 
incident light. The decrease of re¬ 
sistance is due to the freeing of 
electrons by the incident light. Ap¬ 
parently the energy in the photons 
of the incident light is imparted to 
some of the electrons in the outer 
orbits of selenium atoms so as to 
free them from the bonds of the 
nuclei. Then the potential gradient in the selenium causes these elec¬ 
trons to move on with greater freedom. As the electrons move on they 
recombine with positive ions and become neutral atoms. As long as 
light falls on the selenium new electrons are released, but when light 
ceases and recombinations are completed the electron movement falls 
to a low value. 

Since light does not penetrate the selenium very deeply and since 
the resistance of selenium is very high, two things are necessary in the 
production of a satisfactory selenium cell. First, the selenium should 
be used in a very thin layer to permit light penetration, and, second, the 
cross-sectional area for the current flow should be made as large as 
convenient. To accomplish these two aims many selenium cells have 
been made as illustrated in Fig. 19. A metal film such as gold leaf is 
placed on a plate of glass or other insulating material. The film is 
scratched by a zigzag line of grid type. Then a thin layer of selenium 
is placed over the whole plate and given a heat treatment to change the 
selenium to the gray crystalline form. After this treatment the plate 
may be sealed in a glass tube to protect it from the atmosphere. It 
will be observed that the element consists of two electrodes separated 
by a long, narrow bridge of selenium. When light falls on the active 



Fig. 18. Circuit for a photoconduc- 
tive cell. 
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side of the plate the resistance of the entire volume of selenium in the 
bridge is changed and a relatively large change in current may be ob¬ 
tained. Commercial selenium cells have shown a current ratio from 
light to dark as high as 4 under an illumination of 10 foot-candles. 

In earlier times selenium cells were used for control operation such 

as turning on or off artificial light with the 
coming or passing of daylight. They were 
improved sufficiently in later years to 
make them satisfactory for sound reproduc¬ 
tion from film but did not receive much 
recognition. If its characteristics had been 
improved at an earlier date, the selenium 
photoconductive cell might have had a wide 
application. 

Comparison of Photoelectric Devices. In 

passing, it is well to note that the photoemissive and the photocon¬ 
ductive devices require an outside source of d-c supply for their oper¬ 
ation, whereas the photovoltaic device gets its energy direct from the 
light. The photoemissive device produces a very small current and an 
amplifier is needed before any useful work can be performed. The 


Light- 

sensitive 

surface 


Light rays 

Fig. 20, Principle of a photoelectric electron-multiplier tube. 

photovoltaic and photoconductive devices may operate a sensitive re¬ 
lay directly without any amplification. The photoemissive devices 
furnish a signal accurately proportional to the incident illumination 
and the voltage of their output is satisfactory for amplification. The 
photovoltaic device feeding into a low load resistance produces a cur¬ 
rent proportional to the incident illumination. When this device feeds 




Fig. 19. Construction of a 
photoconductive cell. 
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into a high-resistance load the voltage produced is not linear with the 
incident light. This fact plus the low magnitude of its voltage makes 
the device unsuitable for the grid supply of an amplifier. 

Electron-Multiplier Tubes. Photoelectric emission is utilized for 
amplification of a light signal in a tube known as an electron multiplier. 
The theory, circuit, and one schematic type of construction of the de- 



Fig. 21. Eloftron-multiplicr 
tube. (Courtesy Radio Cor¬ 
poration of America.) 
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Fig. 22. Cross section of the electron-multi¬ 
plier tube in Fig. 21. 


Mica shield 


vice are illustrated in Fig. 20. The first of a series of electrodes in a 
vacuum chamber has a light sensitive film which emits electrons in 
proportion to the incident light. The emitted electrons are attracted 
to a second electrode held at a higher positive potential sufficient to 
cause secondary emission. These electrons of secondary emission are 
drawn to a third electrode where an increased number of secondary 
electrons are emitted. One primary bombarding electron may emit 
from 1 to 10 secondary electrons, depending on the electric field and 
work function of the electrode surface. Thus through a series of 
electrodes, each having a higher potential than the preceding one, any 
amount of amplification may be attained theoretically. A practical 
limit in multiplication arises through space-charge effects and power 
dissipation in the final stages. 
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A commercial form of electron-multiplier tube is shown in Fig. 21 
and an enlarged cross section of the device in Fig. 22. In this device 
incident light entering the tube releases electrons from the light-sensi¬ 
tive cathode 0 from whence they are drawn to electrode 1 where sec¬ 
ondary emission begins and continues at increasing values throughout 
nine successive stages. Development engineers worked out an in¬ 
genious design for incorporating several anodes in a very compact 
space, the tube being only 1 % inches in diameter. With the use of rela¬ 
tively high potentials it is possible to attain an amplification of one 
million, though such a value is not attained in commercial usage. 

The electron multiplier can be used as a combined photoelectric 
pick-up and amplifier for minute light variations, for sound on film, 
and in television. 

Problems 

1. The vacuum phototube of Fig. 4 is connected in the circuit of Fig. 3 
with an applied d-c potential of 250 volts and a resistance of 10 megohms. 
Let the light falling on the cathode of the tube change from zero to 0.1 lumen 
and 0.5 lumen. Calculate the voltage drop across the resistor for each case. 
(Use curves of Fig. 7 for this tube.) Does the answer check with law No. 1 
for photoelectric emission? 

2. Connect the gaseous phototube of Fig. 4 into the circuit of Fig. 3 using 
a 90-volt battery and a 5-megohm resistor. Assume a light flux of 0, 0.1, 0.2, 
0.3, 0.4, and 0.5 lumen falling on the cathode of the tube, and determine the 
voltage drop across the resistor for each case using the curves of Fig. 8. 
Plot curve of voltage drop versus lumens. 

3. Repeat Problem 2 using a 1-megohm resistor. Compare the results 
of Problems 2 and 3. Which of the above tubes should be used for accurate 
light measurement? 

4. Design a circuit for firing a thyratron using the increasing light falling 
on a phototube. 

6. Refer to Figs. 1 and 5 and select a phototube surface for use with (a) 
ultraviolet light, (b) infrared light, and (c) incandescent lamp light. 

6. Develop the following equations for the threshold frequency and 
threshold wavelength in terms of the work function in equivalent electron 
volts. 

/ = 2.415 X 10^^ 4> (work function) 


, 12,400 
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Hint: Use equation 1 of this chapter, equation 10 bf Chapter I, and the value 
for Planck’s constant 


h = 6.624 X 10““ joule per second 

7. Calculate the threshold frequency for copper, nickel, and barium. 

8. Calculate the threshold wavelength for sodium and cesium. 
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Oscilloscope/ A cathode-ray oscilloscope is an instrument designed 
for the analysis of electrical circuits by a study of the wave forms of 
voltage and currents at various points. The instrument may be em¬ 
ployed to study any variable, within the limits of its frequency re¬ 
sponse characteristic, that can be converted into electrical potentials. 
Common variables are sound, vibration, light, and all forms of variable 
impedances such as resistance, inductance, and capacitance. 

The basic elements of an oscilloscope are a cathode-ray tube, ampli¬ 
fiers, and a power supply. The construction and general theory of the 
cathode-ray tube was covered at the end of Chapter IV and the reader 
may wish to review that discussion before proceeding with this chap¬ 
ter. The frequency limitation of an oscilloscope is determined by the 
electron transit time across the face of the deflection plates in the 
cathode-ray tube and by the functioning of the amplifier circuits. In 
the cathode-ray tube the transit time is of the order of 0.001 micro¬ 
second so that little error will be present in frequencies up to 100 
megacycles. Amplifier circuits do have frequency limitations and they 
become a controlling factor in applying the oscilloscope to many 
problems. 

The basic theory of action of the cathode-ray tube as applied to the 
oscilloscope may be reviewed by observing the right side of Fig. 1. 
The electron beam moving perpendicularly to the page passes between 
the parallel deflection plates HH^ and FF' and forms a luminous spot 
on hitting the fluorescent screen. With zero potentials applied to the 
deflection plates and the proper adjustment of the tube circuits the 
luminous spot should fall at the center of the screen. If a varying 
potential (a-c) is placed across plates HH'f the luminous spot will be 
caused to travel back and forth along the horizontal line hh\ If the 
frequency of the variation of voltage is 16 cycles or more, the hori- 

’^The tenns oscilloscope and oscillograph are used interchangeably for this de¬ 
vice. The contraction "scope” is frequently used. 
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zonial trace will appear as a solid motionless line because of the per- 
sistance of vision of the human eye. In a similar manner, if a varia¬ 
tion of voltage is applied only across deflection plates V and V, the 
moving luminous spot will create a vertical line or trace as indicated 
by vv'. When varying potentials are placed across both pairs of de¬ 
flection plates simultaneously, a picture is created on the screen which 
gives information regarding the wave form of the applied signals. In 
general, some independent or known signal is applied across the plates 


Direct 


External 1 
synchronism \ F 

rv-o 


Horizontal ® sweeps 



Intensity 
' modulation 


Fia. 1. Block diagram of a simple oscilloscope. 


HH' while an unknown or dependent signal is applied across the plates 
VV. The former is called the horizontal signal and the latter the 
vertical signal. For the determination of wave shapes a synchronized 
sawtooth signal is used for the horizontal while for the study of fre¬ 
quency and of phase angle a sine-wave a-c signal is used. 

The block diagram of a simple oscilloscope is shown in the complete 
Fig. 1. The circuit is simplified and the cost of the device has been 
reduced by grounding H' and V. The vertical input signal is fed be¬ 
tween the post so marked and the ^ound. If this signal is of suflScient 
strength it is supplied directly to the deflection plates V and V, but if 
the magnitude is of insufficient value to produce a satisfactory deflec¬ 
tion it may be passed through an amplifier for controlling the final 
signal strength applied to the plates. In a similar manner an external 
horizontal signal may be applied through the lowef circuit group to 
plates direct (lower position of ganged switches) or via an aixq>lifi» 
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(middle switch position). For wave analysis it is generally desired to 
synchronize the “sweep” signal with the applied vertical input signal. 
This is accomplished by controlling the time base (sawtooth) gen- 
.erator from the vertical input with the connection as shown in Fig. 1. 
The latter may be considered as an internal horizontal input. For 
some applications it is desirable to control or modulate the intensity 
of the luminous spot on the screen by some external signal. This re¬ 



sult is accomplished by the intensity modulation indicated on the 
right of diagram. Intensity modulation in this circuit is effected by 
feeding a signal into the control grid-cathode circuit of the cathodc- 
ray tube. A better understanding of the oscilloscope may be obtained 
by expanding the block diagram of Fig. 1 into component schematic 
circuits. 

A cathode-ray tube circuit for a commercial oscilloscope, showing 
the magnitude of the components, is given in Fig. 2. The second 
anode and the deflection plates are held at or near ground potential 
by ground connections. The cathode and control grid are maintained 
at a potential of approximately —1200 volts, giving a maximum elec¬ 
tron-accelerating potential of 1200 volts, from potential divider re¬ 
sistors Bl through B6. Focusing control is attained by connecting the 
second anqd^to the variable resistor B3. The luminous-spot intensity 
control is attained by varying the voltage between the cathode and the 
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control grid across a section of resistor J21. The position of the fffcal 
spot may be centered between the pairs of deflection plates by adjust¬ 
ment of potentiometers PI and P2. It will be noted that the potential 
between the ends of the potentiometer resistances varies from nega¬ 
tive (point between R5 and J26) to B+ (above ground). 



Fig. 3. Simplified circuit of an amplifier for an oscilloscope. 


The amplifier circuits for the vertical and horizontal inputs to the 
deflection plates use pentodes as indicated in Fig. 3. The time base or 
sawtooth generator uses the circuit and control as indicated in Fig. 4. 
This is a relaxation oscillator circuit using a thyratron. The voltage 
supplied to cathode and anode circuit is determined by the voltage 
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Fig. 4. Simplified schematic of a sweep circuit. 



128 

5 meg fine 
frequency 
control 


ToB+ 


drop across the potential divider R2 and RZ. For the setting shown, 
capacitor C4 charges through resistors RZ and R7 until the thyratron 
reaches its firing potential. At this point, C4 discharges rapidly, lower¬ 
ing the potential across the cathode-anode circuit below the conductipn. 
point. Then (74 recharges slowly and the process repeats, giving the 
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sawtooth wave form of voltage as shown in the lower left-hand comer 
of Fig. 4. The instant of firing (trigger action of grid) may be con¬ 
trolled by the connection to vertical amplifier (left) and thus give syn¬ 
chronous timing with the vertical input signal. Again synchronous 
timing from an external signal may be attained by movement of switch 
<S1 to the left. An excessive synchronizing signal impairs the wave 
form of the sweep oscillator. Coarse frequency control can be ob- 



Fig. 5. Simplified circuit of the power supply for an oscilloscope. 


tained by the capacitor selection of switch S3 and fine adjustment of 
frequency control can be effected by variation of resistor 128. 

The schematic circuit for the power supply of the oscilloscope is 
given in Fig. 5. The top tube giving half-wave rectification furnishes 
the high-voltage (1200 volts) supply through a resistor and capacitor 
filter for the electron gun circuit. The lower tube gives full-wave 
rectification for a 400-volt supply for the tubes and deflection plates 
in the instrument plus a reserve for operating some electronic equip¬ 
ment accessory to the oscilloscope. The output plug in the lower 
right comer is for a take-off of B supply for accessory equipment and 
serves as a safety “disconnect'' of the 115-volt, a-c supply. The safety 
feature results because this plug must be pulled out to remove the case, 
from the instrument. 
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A commercial oscilloscope (oscillograph) which embodies the preced¬ 
ing circuit is illustrated in Fig. 6. 

The action of the oscilloscope when studying a wave form plotted 



Fig. 6. A commorcial oscillograph. (Courtesy Allen B. Dumont Laboratories, 

Inc.) 

against time is illustrated in Fig. 7. A sine wave of voltage is applied 
to the vertical input (left) and a sawtooth wave of the same frequency 
is applied across the horizontal input. The magnitude of the vertical 
and horizontal sweep is governed by respective input signal control. 
For comparative and quantitative measurement of the signals a trans¬ 
parent screen containing cross-section lines is placed on the face of 
the cathode-ray tube. 
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When the signal inputs to both the horizontal and the vertical de¬ 
flection plates are a-c voltages, the resulting action and pattern on the 
screen are illustrated in Fig. 8. This form of pattern is known as a 
Lissajous figure, named after the nineteenth-century French scientist. 
The Lissajous pattern may be traced by joining intersections from like 
numbered points on the signal. Lissajous figures are used for deter- 



Fia. 7. Projection drawing of a Fig. g. Projection drawing show- 

sine wave applied to a vertical ing the resultant Lissajous pattern 

axis and a sawtooth wave of the when a sine wave applied to the 

same frequency applied simul- horizontal axis is three times the 

taneously on a horizontal axis. frequency applied to the vertical 

axis. 

mining the frequency of unknown signals. Such frequency determina¬ 
tion requires the use of one signal of known frequency which is im¬ 
pressed on the horizontal input. If the signals of the same frequency 
and magnitude and 90 degrees out of phase are impressed across the 
vertical and horizontal inputs, the trace will be a circle, as shown in 
part 1 of Fig. 9. Thus the circle becomes the pattern for a frequency 
ratio of 1/1. A horizontal frequency ratio of 3/1 is illustrated in Fig. 
8 and several other ratios in the views of Fig. 9. The frequency rela¬ 
tionship is determined by the ratio of the number of loops touching 
two mutually perpendicular sides such as AB and BC of part 5 of Fig. 
9. The algebraic rule for the determination is 

Frequency on horizontal axis Number of loops intersecting AB 
Frequency on vertical axis Number of loops intersecting BC 
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The phase-angle difference between two signals of the same fre¬ 
quency can be determined by the use of Lissajous figures produced by 
impressing these signals on the horizontal and vertical input to the 


oscilloscope. In making this de¬ 
termination it is important (1) 
that • the luminous spot be 
centered on the screen of the 
cathode-ray tube, (2) that both 
horizontal and vertical ampli¬ 
fiers have been adjusted to 
give exactly the same gain, and 
(3) that the calibrated scale 
be set to coincide with the dis¬ 
placement of the signal along 
the vertical axis. The cal¬ 
culation for the angle of phase 
shift is made by use of the 
formula 

Y intercept 

sin $ =-:- 

Y maximum 



(1) Ratio 1:1 (2) Ratio 2:1 



(3) Ratio 1:5 (4) Ratio 10:1 



Fio. 9. Lissajous patterns. 


where the Y intercept is the magnitude of the +Y intercept of the 
trace on the Y axis and the Y maximum is the peak or maximum -|- 
value attained by the trace. Several views of patterns and the calcu¬ 
lation of the phase-angle difference are illustrated in Fig. 10. 

The frequency of a series of pulses and the duration of a single 



Fia, 10. Examples showing the use of the formula for determination of phase 

difference. 
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pulse may be determined by impressing the impulse signal upon a 
known sine wave through intensity modulation. Intensity modula¬ 
tion is the result of applying a signal of varying potential to the con¬ 
trol grid of the cathode-ray tube, thereby varying the intensity of the 
trace at the frequency of the signal applied. The result of such in¬ 
tensity modulation is illustrated in the oscillogram of Fig. 11. 

Electron Microscope. The electron mi¬ 
croscope is a modified and enlarged cathode- 
ray tube for magnifying minute objects. 
The optical form of microscope is limited 
in its effective resolving power by the wave¬ 
length of visible light to about 1000 diame¬ 
ters. With ultraviolet light the effective 
resolving power can be increased to 1500 
diameters. Electrons have wave properties 
which permit them to be used to give resolv¬ 
ing power fifty times as great as for light 
rays. 

The first American commercial model of 
an electron microscope was designed and 
built by Zworykin and Morton in 1940. 
The principle of operation of this new device in comparison with an 
optical microscope is illustrated in Fig. 12 . In the light microscope 
(a of the figure), light rays from a lamp are formed into a parallel 
beam and directed on a specimen S by the condenser lens Li. The 
image of the specimen then falls on the objective lens L 2 which focuses 
and magnifies it, producing an enlarged image 7i. Part of this en¬ 
larged image is further magnified by the projector lens L 3 . The twice- 
enlarged image I 2 is seen by the eye. 

In the electron microscope (6 of Fig. 12 ), the source of action is a 
hot cathode which emits electrons. Beneath the cathode there is an 
electron gun and anode which gives the electrons a high velocity down¬ 
ward. A coil or solenoid Li produces a magnetic field which has a 
focusing action and bends the paths of these electrons into a parallel 
beam directed on the specimen S. The electrons in the beam are af¬ 
fected in a varying degree, depending on the density of different parts 
of the specimen. Those that pass through are brought to a focus by 
the field of a second coil Jj 2 and form an enlarged image Ji. The elec¬ 
tron rays that form a section of this image are in turn deflected and 
magnified by the field of a third coil L 3 and caused to form a larger 
image I 2 * Since this image I 2 is formed by an electron beam it is not 
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Fig. 11. Example of inten¬ 
sity modulation with a sine- 
wave signal. (Courtesy Al¬ 
len B. Dumont Laboratories, 
Inc.) 
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visible. Accordingly, a fluorescent screen is placed so that the electjron 
beam falling on it produces a visible image. If a directly viewable 
image is not desired, a photographic film is used in place of the fluores¬ 
cent screen. 

An improved commercial model of an electron microscope is shown 
in Fig. 13. This model is 75 inches high and 24 inches wide. It is 
capable of making magnifications 
varying from 100 up to 20,000 
diameters via direct viewing. In 
many cases the picture (negatives) 
may be given a useful photographic 
enlargement up to 100,000 diame¬ 
ters. Greater enlargement does not 
furnish any additional or useful in¬ 
formation. A picture taken with 
the electron microscope showing a 
total magnification of 94,000 di¬ 
ameters is shown in Fig. 14. The 
location of several of the operating 
units of the electron microscope is 
indicated on Fig. 13. The vacuum 
in the microscope column is created 
by an oil-diffusion pump. Pump¬ 
ing down to an operating vacuum 
of approximately 10 millimeter 
Hg requires from 1% to 2 minutes. 

The specimen is placed in the 
vacuum chamber near the top of 
the column and the cover to this 
opening is held closed by the 
vacuum. Since electrons will not 
penetrate glass the specimen holder 
consists of a film of nitrocellulose 
1/1,000,000 centimeter thick held on a fine wire mesh. The photo¬ 
graphic film is inserted into the vacuum column by a gate within easy 
reach of the operator. The microscope column, the oil-diffusion pump, 
and the power supply are built into a single cabinet as shown in Fig. 
13. The voltage regulator and the mechanical first-stage pump are 
separate and can be located in another room. 

The magnetic flux lenses in the electron microscope consist of iron- 
encased coils. The iron casing for the coils has an air gap on the inside 



(a) (b) 

Fig. 12. Comparison of an optical 
and electron-microscope lens system. 
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SO shaped as to give flux paths at the center of the coil which will de¬ 
flect the electron in the desired directions. A suggestion of the con¬ 
struction is given in Fig. 15. The magnification secured in the electron 


Electron 
gun 

Specimen 

chamber 


Viewing 

chamber 


0(1 

diffusion 

pump 



Fig. 13 


I_I 

Universal-type electron microscope. (Courtesy Radio Coipoiation of 
America.) 


microscope can be controlled by variation of the current in the mag¬ 
netic lens coils and by variation of the velocity created by the electron 
gun. 

The electron microscope can be used as an electron diffraction 
camera. This application requires the removal of the specimen from 
the upper chamber and its insertion in the lower chamber which is in 
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the position of L 3 in Fig. 12 . The diffraction pattern is photographed 
in the same manner and position as for magnified images. 

The introduction of the electron microscope has opened a large field 
in scientific and industrial research. It has made possible the study 
of the structure of bacteria and virus not discernible by the optical 
microscope and the study of minute particles of matter in the fields of 
chemistry, metallurgy, botany, and food products. 



Fig. 14. Colloidal titania (titanium dioxide) photographed with the electron mi¬ 
croscope and enlarged to 94,000 diameters. (Courtesy Radio Corporation of 

America.) 


Stroboscope. The stroboscope is an instrument for studying or ob¬ 
serving a periodic or varying motion by means of light periodically 
interrupted. Such an instrument comprises a luminous-arc discharge 
tube containing gas or vapor which is caused to flash by periodic 
transient currents. If a rotating shaft, wheel, or gear is given a flash 
of light once for each revolution it will appear to be at rest, or if the 
flashes occur at 1 /nth of its revolutions it will appear likewise to be 
stationary. Again, if the period of the flashes is slightly more than 
the period of the revolutions, the device will appear to be turning for¬ 
ward slowly at a speed determined by the difference in time of the 
flashes and period of one revolution. Similarly, a flash period less 
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than a revolution period will give the illusion of a slow backward 
motion. 

This phenomenon of the stroboscope has useful applications, chief 
among which is the measurement of speed. When the rotating machine 

appears at rest the rate of flashing is 
the same or a submultiple of the speed, 
and if the flashing rate is adjustable 
and calibrated the stroboscope be¬ 
comes a tachometer. A commercial 
device known as a Strobotac built for 
speed measurement is shown in Fig. 

Fia. 15. Cross section of a mag- This instrument has a calibrated 

netic focusing lens. dial and gives an accuracy of ± 1 per 

cent of the dial for readings above 900 
revolutions per minute when the Strobotac is standardized in terms of 
a frequency-controlled power line. The advantages of this type of 
speed measurement are that (1) no power is absorbed from the mecha¬ 
nism and (2) it can be used to measure the speed of machine elements 
inaccessible to ordinary tachometers. Thus speeds may be determined 
for small electric motors and delicate mechanisms which would slow 
down or stop if minute amounts 
of power were drawn from them. 

Likewise, the speeds of inacces¬ 
sible gears or wheels in a compli¬ 
cated mechanism may be ob¬ 
tained. A second important ap¬ 
plication of the stroboscope is the 
slow-motion study of high-speed 
motion for determining vibration, 
tension, chattering, whip, and 
other irregularities that may be 
present in rotating and repetitive 
forms of motion. Thus mechani¬ 
cal defects and troubles may be „ * ... 

. Fig. 16. A commercial form of strobo- 

located and remedied in many scope called a Strobotac. (Courtesy 
kinds of industrial machines. General Radio Company.) 

Several different tubes and cir¬ 
cuits may be employed in designing a stroboscope. The particular 
tube or circuit chosen will depend upon the amount of light desired, the 
period of the flash, the application, the cost, and other factors. Theo¬ 
retically, any cold-cathode gaseous or vapor tube may be employed 
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For low brilliance of light a small neon glow lamp (see page 258) may 
suflBce or the firing of a thyratron gives some light. Long-column 
gaseous and mercury-pool and mercury-vapor tubes are often em¬ 
ployed. The most widely used tube for stroboscopic applications is the 
strobotron which was shown in Fig. 37 in Chapter XII. This tube was 
developed at The Massachusetts Institute of Technology by Edgerton 
and Germeshausen. The special features of this tube are that it oper¬ 
ates at a relatively low voltage, conducts a very high peak qurrent of 
short duration, giving a very brilliant flash, and is easily controlled 
through two grid electrodes. 



(a) (b) (c) 

Fig. 17. Control circuits for flash bulbs. 


Three simple types of circuits for the operation of a stroboscope 
are suggested in Fig. 17. In all these and other circuits a large capaci¬ 
tor C is needed to supply a heavy discharge current and to give a bril¬ 
liant and quick flash. The circuit of a is a relaxation oscillator circuit 
using a two-electrode gaseous tube. The flashing period may be ad¬ 
justed by the variable resistor which controls the time for the capacitor 
to charge up to the breakdown potential of the tube. Part b of Fig. 17 
suggests the use of a self-exciting grid control for initiating the break¬ 
down of the flash tube. All present-day applications use a flash tube 
with an internal or external grid for initiating the firing because of the 
relatively high breakdown potential between the cold cathode and 
anode. The circuit of part c, Fig. 17, suggests some form of external 
grid control. Such grid control may be produced by a mechanical 
contactor located on the machine which is being studied by strobo¬ 
scopic light. In other cases the grid control may be effected by an 
auxiliary‘oscillator or timing circuit. 

High-Speed Photography. High-speed photography is the art of 
taking pictures of high-speed motion by using brilliant flashes of light 
of a few microseconds’ duration. This new art has been made possible 
by investigations and developments of Edgerton and Germeshausen. 
High-speed photography utilizes the general principles discussed under 
the stroboscope but requires more brilliant flashes of shorter time 
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duration. One commercial form of a flash lamp for high-speed photog¬ 
raphy is illustrated in Fig. 18. A long flash tube or column is made in 
a helical form in order to concentrate the light in a smaller area. The 
helical tube has a small diameter which gives a quick deionization time 
and short flash. A typical circuit for use in con¬ 
nection with this tube is given in Fig. 19. This 
circuit embodies a principle frequently employed 
in stroboscopes for initiating the discharge of the 
flash tube. This principle utilizes an ignition type 
of transformer for impressing a high transient volt¬ 
age across the grid. In the lower right-hand corner 
of Fig. 19 a capacitor (73 is charged to the po¬ 
tential across resistor R2. The closing of switch 
SI permits C3 to discharge through the primary 
of transformer T1 which, in turn, induces a high 
voltage (approximately 10,000 volts) between the 
grid and the cold cathode of the flash tube. This 
transient initiates cold-cathode emission and ca¬ 
pacitor (72 discharges through the flash tube. 
Flash tubes are now employed in conjunction with 
portable auxiliary equipment by the press and 
commercial photographers for on-the-spot pho¬ 
tography in the place of photoflash bulbs. A com¬ 
mercial device of this type is illustrated in Fig. 
20 . 

High-speed photography is employed in research 
to study the conditions taking place in explosions, 
destruction of equipment by projectiles, projectiles 
in flight, and other transient phenomena. In some 
cases a rapid series of flashes is used to show 
changes and to determine the velocity of projectiles 
and other moving objects. An excellent photo¬ 
graph of this type is shown in Fig. 21. 

Iconoscope. The iconoscope is a special form of cathode-ray tube 
used in television transmission for “picking up” a scene and converting 
it to an electrical signal. The principal parts of an iconoscope are the 
mosaic, signal plate, collector, and electron gun. The position of these 
parts in the tube is illustrated in Fig. 22. The mosaic consists of a 
large number of small photosensitive globules deposited on one face of 
a thin sheet of insulation. The globules are spaced a very small dis- 



Fia. 18. Flash tube 
for high-speed pho¬ 
tography. Typical 
operating voltage, 
2250 volts; flashing 
rate, 6 per minute; 
light output peak, 
12,000,000 lumens. 
(Courte^ Sylvania 
Electric Products, 
Inc.) 
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tance apart on the sheet so as to be insulated from each other. On the 
opposite face of the insulating sheet is a conductive film, the signal 
plate. Because the insulating sheet is thin, there is considerable 



Rl 500 ohms 
R2 « X50«000ohm8 
RZ 1 megohm 
Cl - 2 Ilf 
C2 » 32 Ilf 
C3 - l|if 


capacitance between the globules and the signal plate. The collector is 
a conductive coating on the inner surface of the tube walls which col¬ 
lects electrons emitted by the mosaic. 



Fig. 20. Portable photoflash equipment for photography. (Courtesy Sylvania 

Electric Products, Inc.) 

In operation of the iconoscope, an image of a scene is focused by a 
lens system on the mosaic, and the beam of electrons provided by the 
electron gun is made to scan the image. As the beam moves over the 
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image, there is generated at the signal plate a voltage whose magnitude 
at any instant depends on the image brightness at the point where the 
beam is at that instant. This voltage can be used as the video signal 
for television transmission of the scene viewed by the iconoscope. The 
process by which the iconoscope generates this voltage can be described 
briefly as follows. 



Fig. 21. Multiflash photograph showing the pattern made by a golf club as it 
moves through the stroke. (Courtesy H. E. Edgerton.) 

Consider first the action of the tube when the mosaic is scanned 
by the beam with no illumination on the mosaic. When the electron 
beam strikes a globule, the globule emits secondary electrons, the 
number of secondaries being several times larger than the number of 
beam electrons striking the globule. Some of these secondaries return 
almost immediately to the globule, the rest escape and go either to the 
collector or to other parts of the mosaic. Because the globule is insu¬ 
lated, its potential will change in the positive direction if the number 
of electrons escaping from it is greater than the number of electrons 
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flowing to it. The number of electrons that es(jape depends on the pen 
tential of the globule, the number being less, of course, the more posi¬ 
tive the globule is. Hence, if the beam is on the globule a sufficiently 
long time, the globule will be driven to a positive potential at which 
the number of electrons escaping is equal to the number of electrons 
arriving. In the usual operation of the iconoscope, the time ijequired 
for the beam to pass over a globule is long enough for the globule to 
attain this potential. The value of this potential for typical operating 
conditions is about 3 volts positive with respect to the collector. 




Fig. 22. Iconoscope. (Courtesy Radio Corporation of America.) 


After the beam passes the globule, some of the secondary electrons 
emitted from the rest of the mosaic fall on the globule. The arrival 
of these electrons changes the globule potential in the negative direc¬ 
tion to a new value. In a typical operating condition, this value is 
about 1% volts negative with respect to the collector. With no light 
on the globule, the globule stays at this negative potential until the 
next time the beam strikes, when the globule again releases electrons 
and rises to its maximum positive potential of approximately +3 volts. 

Consider now the action of the tube when the mosaic is scanned 
with part of it illuminated. During the time between contacts with 
the beam, both an illuminated globule and an unilluminated one receive 
electrons from the rest of the mosaic. Both globules, therefore, charge 
in the negative direction during this time. The illuminated globule, 
however, at the same time emits electrons, the emission being caused 
by the light on this globule. The illuminated globule, therefore, does 
not fall to as negative a potential as the unilluminated one does. Hence 
the next time the beam strikes, the illuminated globule does not have 
so far to rise to reach -f-3 volts. As a result, less charge is released 
to the collector when the beam strikes the illuminated globule than 
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when the beam strikes the unilluminated one. The difference in charge 
is approximately proportional to the difference in illumination. 

Now consider the action of the tube when an image is projected on 
the mosaic and scanned by the beam. As the beam moves over the 
mosaic, varying amounts of charge flow from the mosaic to the col¬ 
lector, the amount of charge flowing at any instant being a measure of 
the light on the globules where the beam is at that instant. In other 
words, a video signal current flows between the mosaic and the col¬ 
lector. It can be seen that, since the beam current to the mosaic is con¬ 
stant, the video signal current must com¬ 
plete its circuit path through the signal- 
plate load resistor and the capacitance be¬ 
tween signal plate and mosaic. The volt¬ 
age developed across the load resistor by 
this signal current is the video signal out¬ 
put of the iconoscope. 

It also can be seen that, when the beam 
moves from a dark portion of the image to 
a brighter portion, the electron current from 
the mosaic to the collector decreases. The 
output voltage, therefore, changes in the 
negative direction. Hence the signal output 
of the iconoscope is of negative polarity: a highlight in the image is 
represented by a negative value of signal voltage; a shadow in the 
image is represented by a positive value. 

The focusing and deflection of the electron beam is produced by 
magnetic fields. The focusing is secured by a solenoid coil which sur¬ 
rounds the neck of the iconoscope. Two pairs of coils for producing 
the magnetic deflection are wound in the slots of an iron core (Fig. 23). 
The focusing and deflection coils and their core are assembled into a 
single unit called the yoke which slips over the neck of the iconoscope 
as shown in Fig. 22. 

The horizontal and vertical deflection of the electron beam is 
produced by sawtooth signals having wave forms as indicated in Fig. 
24. The horizontal sawtooth signal causes the beam to move rapidly 
from left to right across the image on the mosaic and then return in 
near zero time to the left. While the horizontal sweep signal is causing 
the beam to scan the image in the horizontal direction, the vertical 
sawtooth signal of a lower frequency causes the beam to move slowly 
from the top to the bottom of the mosaic and then return with a nearly 
instantaneous sweep to the top. The result of these combined sweep 



Fig. 23. Magnetic core for 
a yoke. 
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signals is to cause the beam of electrons to scan a rectangular area of 
the image focused on the mosaic as indicated in Fig. 25. This entire 
scanning process takes place in a period of approximately second. 
The ratio of the frequency of the horizontal to the vertical signal is 
about 500/1, which means that 500 horizontal lines or sweeps take 
place in Ysq of a second. During any one of these horizontal sweeps 



a vertical frequency mooutating voltage 
b = voltage across condenser C3 
c - average value of voltage across C3 

Fig. 24. Sweep signals for television. 

the light intensity viewed on the mosaic may change from light to dark 
in Vfjoo of the distance along the sweep. This means that the period 
of a maximum light change may be 

TtJo ^ ^ To “ ^ * second 

which corresponds to a frequency of 3,750,000 cycles. Thus the video 
or image signal picked up in the iconoscope is of the order of several 
megacycles. 

Television. Television is the art of transmitting electrically the 
image of an object in a fraction of a second. Such transmission may be 
via wire (coaxial cable) or radio. The essential elements of the tele¬ 
vision process are some form of electronic camera such as an iconoscope 
and a cathode receiving tube. Successful transmission of pictures via 
television requires (1) perfect synchronizing of the sawtooth sweep 
signals in the iconoscope and in the cathode-ray tube receiver and (2) 
the distortionless transmission of the video signal picked in the camera 
to the intensity control grid of the cathode-ray tube. If at every in¬ 
stant of time the electron beam in the receiving tube falls upon a spot 
on its fluorescent screen corresponding to the spot being hit by the 
electron beam in the transmitting camera and if the intensity of the 
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receiver beam corresponds to the intensity of tlie signal being picked 
up at that instant; the received image should correspond to the image 
in the transmitting camera. 

Television has many commercial, industrial, and military applica¬ 
tions in addition to its natural field in entertainment. Television re¬ 
ceivers on several floors of a department store may show a style show 
taking place in another part of that store. The factory manager may 



Fig. 25. Pictiiro scanning in tolcvision. 


view processes taking place in various places in that factory. Danger¬ 
ous processes in the manufacture of explosives may be viewed through 
television by operators located in safe surroundings at a distant point. 
Guided missiles and pilotless planes may be followed and controlled 
through the use of television. 
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Chapter XVII 

SPECIAL TUBES AND, CIECUITS 


X-Ray Tube. The X-ray tube is a two-electrode tube invented by 
Roentgen in 1895. This tube had the ability of producing electro¬ 
magnetic radiations kno\m as roentgen rays. In 1913 Doctor Coo- 
lidgc made improvements which have resulted in wide and valuable 
applications of the tube. All modem X-ray tubes use a heated tung¬ 
sten cathode partially surrounded by a cylinder or focusing cap for 
directing the electron emission toward the anode. The anode, gener¬ 
ally called the target, is made of tungsten or of a tungsten insert in a 
copper base. The two electrodes 
are encased in a highly evacuated 
Pyrex glass tube as illustrated 
schematically in Fig. 1. The 
face of the target is at an jlngle 
to the axis of the tube so as 
to direct the emanating rays in 
a direction where they may be 
utilized. 

The electrons emitted by the cathode are attracted to the anode by 
a high potential of the order of 10,000 to 1,000,000 volts and sometimes 
higher. The tremendous impact of the electrons in hitting the target 
excites the electrons in the atoms of the target so that they send out 
electromagnetic radiations known as X rays. These emanations are 
not electrons or particles but wave energy similar to light waves. It 
will be recalled that the impact of electrons on atoms of gt^s produces 
an excitation of the electrons which results in the production of light. 
In the X-ray tube the impact of the electron is much greater because 
of the high potential gradients and it acts upon electrons in a solid so 
that the resulting waves are much shorter (higher frequency) and 
contain a greater energy. It is probable that the impinging electrons 
in the X-ray tube penetrate into the inner electron rin^ and evem the 
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Fig. 1. Construction of an X-ray tube. 
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nuclei of the atoms constituting the target. The position of the X 
rays in the electromagnetic spectrum was shown on page 365. The X 
rays emitted by the tungsten target are a continuous spectrum of 
electromagnetic radiation. The minimum wavelength is determined 
by the peak voltage across the X-ray tube according to the equation 
VI = 12.354, where V is the voltage across the tube measured in kilo¬ 
volts and I is the minimum wavelength in angstrom units (lO"”® centi¬ 
meter). X rays are propagated with the same speed as light, follow 

the inverse square law, are unaffected by 
electric and magnetic fields, and can be re¬ 
flected, diffracted, and polarized. 

X rays have the power of penetration 
through layers of solids that are opaque to 
lig^. These X rays are invisible to the eye 
but can be detected after passing through 
solids by their action on a fluorescent screen 
or on a photographic film. Their ability 
to blacken sensitized film in a manner pro¬ 
portional to their intensity has been the 
basis of radiography. Furthermore, their 
ability to penetrate opaque objects is de¬ 
pendent upon the atomic weight (density) 
of the object. The penetrating power of X 
rays is referred to as a degree of hardness; 
soft rays have small penetrating power, hard rays deep penetrating 
power. Hardness is proportional to the frequency of radiation and de¬ 
pends on the voltage applied across the cathode-anode circuit. The 
penetrating power varies approximately as the square of the voltage. 
Thus in the operation of X-ray devices the hardness is controlled by 
varying the cathode-anode voltage, the intensity or quantity of X rays 
is controlled by the voltage across or the current passed through the 
cathode for heating, and the quantitative effect of the X rays is con¬ 
trolled by the time of exposure. 

X-Ray Equipment. An X-ray machine consists of a high-voltage 
power supply, an X-ray tube, and control equipment. Since X-ray 
tubes are rectifiers, they may be energized by alternating current, by 
half-wave or full-wave a-c rectifiers, dr by direct current. Since a 
heavy load may raise the temperature of the tungsten target to a 
point where appreciable electron emission may occur, there are definite 
limits on the use of half-wave and a-c excitation if inverse current 



supply 

Fig. 2. Half-wave rectifier 
for an X-ray tube. 
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flow and tube destruction are to be avoided.^ A conventional circuit 
for half-wave rectification is shown in Fig, 2. It should be noted thlit 
the Icenotron rectifying tube and the mid-point of the high-voltage 
secondary of the transformer are groimded. A second circuit for half¬ 
wave rectification is given in Fig. 3. The auto transformer on the left 
provides for a control of the magnitude of the peak applied voltage. 



Fig. 3. Two-tube half-wave rectifier with a shockproof X-ray tube. 


The grounded mid-point of the high-voltage transformer winding limits 
the voltage to ground at any point in the circuit to one-half of the a-c 
peak. The use of two kenotrons reduces the inverse peak per tube 
and prevents any inverse electron flow through the X-ray tube. Full- 
wave rectification for the X-ray tube may be secured by the use of a 
transformer with mid-tap and two 
kenotron rectifier tubes or by the 
use of the bridge circuit with four 
kenotrons as covered in Chapter 
XIV on power rectification and in¬ 
version. The maximum cathode- 
anode voltage across the X-ray 
tube for the preceding circuits for 
power supply is the a-c secondary 
high-voltage peak. A special 
power-supply circuit which ap¬ 
plies two times the peak voltage 
across the X-ray tube is shown in Fig. 4. This is known as the Villard 
circuit and the explanation of its operation is left to the reader. 

Since X-ray tubes are operated at the saturation current, the elec¬ 
tron current through the tube is determined by the size and tempera¬ 
ture of the tungsten filament. The tungsten anode jor target may be 
mounted on the end of a molybdenum rod or set in a copper anode. 



Fig. 4. Villard circuit for X-ray equip¬ 
ment. 
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Since only a fraction of one per cent of the electrical power put into 
the X-ray tube is converted into X rays, nearly all the remainder 
appears as heat in the target. Therefore, effective means of cooling the 
target must be provided. Those anodes that consist only of tungsten 
mounted on molybdenum rods are cooled by radiation. Those targets 
that are cast in copper rods are cooled by heat conduction along the 
copper rod to a radiator which permits the heat to be carried away by 
air or by oil. The anodes of some tubes which are operated continu¬ 
ously at high loads are hollowed out behind the target and cooled by 
circulating water or oil. The minimum length of an X-ray tube is 
determined by the spark-over distance for the maximum voltage ap¬ 
plied to the tube. Many modern X-ray tubes are made shockproof 
by being operated inside grounded metal tanks filled with oil. These 
tubes are shorter than those operated in the open air. A shockproof 
tube is indicated in Fig. 3. 

Applications of X Rays in Medicine. X rays are used in the field 
of medicine for radiography and therapy. From a knowledge of 
anatomy and the relative opacities of the various organs of the human 



Fig. 5. X-ray photographs of human teeth: left, impacted tooth and fillings; 
center, abscessed tooth; right, permanent teeth pu.shing up baby teeth. (Courtesy 

Dr. C. J. Buster.) 


body to X rays, it is possible to recognize injuries or diseases by 
examining the radiograph (shadows upon a photographic film). Broken 
or dislocated bones, defective teeth, and the presence of bullets or 
other foreign material are shown by the radiograph. Examples of 
radiographs of teeth are given in Fig. 5. Lung tissue destroyed by 
tuberculosis, gallstones, and ulcers of the stomach may be detected on 
a radiograph by the radiographic specialist. There is an optimum 
voltage for radiographing each part of the human body, depending on 
the thickness and density of the part viewed. The maximum voltage 
required for radiographing the human body is 100,000 volts. X rays 
are used to treat or destroy malignant tumors such as cancer. For 
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treating cancers near the surface, tube voltages varying from 10,000 
to 140,000 volts are satisfactory, but for deep-seated tumors very hard 
X rays produced by tubes operating at 200,000 to 1,000,000 volts are 
required. Since these high voltages also produce soft rays which would 
burn the surface tissue, these softer rays are filtered out by sheets of 
copper and aluminum. Radiographic tubes are operated intermittently 
for comparatively short periods of time, whereas tubes for therapy 
must be capable of carrying currents of 10 to 25 milliamperes continu¬ 
ously. A deep-therapy X-ray tube is illustrated in Fig. 6. 



Fia. 6. X-ray tube for deep therapy. (Courtesy Westinghouse Electric Corpor¬ 
ation.) 

Industrial Applications of X Rays. In industry X rays are used 
for fluoroscopy, X-ray diffraction, and radiography of machine parts. 
Fluoroscopy is the visual representation of the construction of opaque 
objects on a fluorescent screen by the transmission of X rays. This 
process has wide application in the inspection of foods and packaged 
devices before distribution. Under small-scale methods the parts to be 
inspected may be placed under the fluorescent screen manually whereas 
under large-scale processes the parts to be inspected move on a con¬ 
veyer belt so that an operator makes a visual inspection as the 
shadowed view passes on the fluorescent screen. Tube voltages some¬ 
what under 100,000 volts are used in fluoroscopy. 

The nature and behavior of most substances depends upon the ar¬ 
rangement of atoms and molecules in the crystalline structure. This 
is true whether the material is a deep drawing steel, a bearing metal, 
or a tempered steel spring. Every substance such as rolled, forged, or 
heat-treated metal has a distinct atomic arrangement which deter¬ 
mines its properties. Each atomic arrangerhent controls the diffractive 
effect produced by X rays. Thus, if a beam of X rays is passed 
through a crystal, the beam will be bent or redirected in a series of 
emergent rays whose separation and intensities are characteristic of 
the material. A radiograph of the diffracted rays constitutes a 
‘^fingerprint” of the substance because no two substances have been 
found to produce identical diffraction patterns. 
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An important application of X-ray diffraction methods is the de¬ 
termination of the optimum angle for cutting quartz to produce wafers 
(crystals) for controlling the frequency of crystal oscillators. The 
orientation or angle requirement for crystals manufactured before the 
war was met by a trial-and-error performance-selection method. Dur¬ 
ing the war more crystals were required per day of manufacture than 
in an entire year before. Also it was necessary to produce crystals 
that would give the same frequency regardless of temperature. 

These requirements were met by the development of an X-ray goni¬ 
ometer which indicates the intensity of X-ray diffraction in the direc¬ 
tion characteristic of a certain set of planes. A sample crystal wafer is 
turned in the X-ray beam until this set of planes diffracts with maxi¬ 
mum intensity. At this position the orientation of the diffracting 
planes is determined and the proper angle for cutting the mother 
quartz is determined. 

Closely allied to X-ray diffraction methods is the process of micro¬ 
radiography. Here radiographs are made of exceedingly thin sections 
cf materials. These radiographs can be greatly enlarged to provide a 
means of adding depth to the studies of surface conditions with which 
microphotography is concerned. Radiographs can be applied to solu¬ 
tions so that the process has applications in chemistry as well as in 
metallurgy. These applications require tube voltages of the order of 
6000 to 9000 volts. 

X-ray inspection with radiography of castings, machine parts, weld¬ 
ing structure, and intricate machinery assemblies provides the design 
engineer and the production department with a tool of incalculable 
value. Through the use of X-ray inspection, casting and electric weld¬ 
ing techniques may be determined for producing stronger and flawless 
castings and electric welds. Inspection of castings before machining 
permits the elimination of parts that would result in inferior or re¬ 
jected products. X-ray inspection permits a complete study of me¬ 
chanical parts that are ordinarily obscured. It is important to ob¬ 
serve that this method is a nondestructive inspection. 

During World War II two new developments were made that have 
greatly extended the horizon on the application of X radiation. These 
developments are the 1- and 2-million-volt X-ray machines and the 
betatron. These devices have increased the hardness and power of 
penetration of X radiation and have reduced the required time of ex¬ 
posure for radiography. 

The Million-Volt X-Ray Tubes. The new million-volt X-ray indus¬ 
trial units involve a new principle of action, a new type of tube, a new 
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type of transformer, and a new form of asscinbly. The relative siee 
of the new X-ray tubes and their construction are illustrated in Fig. 7. 
These tubes have a filamentary tungsten cathode, a copper-backed 
tungsten target at the lower end of the extension chamber, and cylin- 



Ki(. 7. Construction and compaiison of tlie size of 1- and 2-milIion-volt X-ray 
tubob (Courtesy General Electric X-Ray Coiporation ) 

drical accelerating electrodes in each of the 12 or 24 intermediate sec¬ 
tions. The accelerating electrodes serve to distribute the high potential 
along the length of the tube. The inside walls of the tube are sand 
blasted to eliminate dangerous field current which might result from 
the application of increased voltage to each tube section. 

Adequate protection must be given to all human beings who work 
near X-ray equipment. This protection must cover the hazards due 
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to (1) high voltage and (2) the harmful effects of X radiation. The 
most effective bar to X radiation is sheet lead and it is often used to 
surround all parts of the X-ray tube except a window for the radia¬ 
tion. It is generally used for doors into X-ray exposure chambers 
and sometimes it is used to surround the entire room where X rays are 
used. A special form of plaster for the walls of the X-ray chamber is 
often used because of its lower cost. Also thick concrete w^alls arc 
fairly effective for screening X rays. The advice of experts in the 
X-radiation field should always be secured before installation of 
X-ray equipment. 

The Betatron. The betatron is an induction electron accelerator 
wherein electrons are accelerated in a magnetic field instead of by 
direct application of a high potential. The basic idea of accelerating 
electrons by magnetic induction was patented by J. Slepian in 1927. 
In the years following this announcement Wideroe, Walton, and 
Steenbeck developed equations giving the necessary conditions for an 
electron accelerator but were not able to produce a machine that 
would work. It remained for Dr. D. W. Kerst of the Physics Depart¬ 
ment of the University of Illinois to invent a satisfactory working 
model of the betatron (announced in 1940). Kerst assisted in the 
design and development of a 20-million-electron-volt (mev) commer¬ 
cial betatron in the early forties. A larger 100-mev commercial beta¬ 
tron was completed in 1945. 

The basic principle of the betatron is relatively simple. In part a 
of Fig. 8 a circular iron core is surrounded by a single turn of wire t 
If a changing flux is made to pass through the iron an emf will be 
induced in the turn of wire and, if the wire circuit is closed, a circulat¬ 
ing electron current will result. Since a current is a movement of 
electrons, it is obvious that, if electrons are released in the path shown 
by t while the flux changes in the core, these electrons will be induced 
to travel around the core in a curved path and will be accelerated as 
long as the flux is changing in the same direction. One problem in 
applying this simple principle is to make the electrons follow a con¬ 
stant circular path. The changing flux for the betatron is produced 
in a three-legged transformer as shown in b of Fig. 8. A “donut^^- 
shaped accelerating tube is placed around the central leg of the trans¬ 
former in the plane of de. Exciting coils are placed on the top and 
bottom sections of the central leg. The transformer is excited by a 
resonance type of circuit as indicated in part c of Fig. 8. The resonant 
circuit on the transformer may be inductively coupled as shown, or a 
capacitive type of coupler may be employed. 
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Some of the details of the operation of the betatron are indicated,in 
Fig. 9. The heart of the device is a torus or “donut” of glass which 
surrounds the changing stream of magnetic flux. The cathode and 
target are combined into a single unit. A heated tungsten cathode 
supplies electrons for an electrostatic gun which fires a stream of elec¬ 
trons tangentially into the central circular path. After arriving in 



this path, the changing magnetic induction accelerates the flying elec¬ 
tron in a circular path. When the desired velocity of the electron has 
been acquired, a transient current passed through a one-turn coil near 
each pole face having a diameter slightly less than the optimum orbit 
serves to force the electron into a circular path of larger diameter 



Fia. 9. (a) Schematic construction of the X-ray torus in a betatron, (b) Sine- 

wave magnetic field. 


(beam expanded) so that it hits the target and produces X rays. The 
flux change in the transformer follows the sine wave shown at the right 
of Fig. 9. In operation the electron beam is injected at point A (near 
zero) on the sine curve and the beam is deflected or expanded at any 
point later (up to J5), depending on the desired energy in million- 
electron-volts. 




416 


SPECIAL TUBES AND CIRCUITS 


The problem of maintaining the accelerating electrons in an opti¬ 
mum circular path until they hit the target has been suggested. It is 
apparent that as the electron stream whirls and accelerates in a curved 
path the momentum of the electrons increases and they tend to move 
in a spiral path which would soon carry them outside the “donut.^' An 
electron moving at right angles to a magnetic field is acted upon by a 
constant force which causes it to move in a curved path (circle for 
constant field H ). In the present problem the force of the stray field 
in which the electron stream moves tends to hold the path circular but, 
since the electron velocity and momentum is constantly increasing, the 
circular path will be a spiral (increasing diameter) if the field H is 
constant. Therefore, in order to hold the diameter of the electron path 
constant, it is necessary to have H increase at the same rate as the 
momentum of the electrons. This necessary condition has been secured 
by the proper shape of the iron pole faces and magnetic disks in the air 
gap giving a stray field flux of the necessary value along the optimum 
circular path of the electrons. 

A 20-mev commercial betatron is illustrated in Fig. 10. The design 
of the betatron makes possible acceleration of electrons to very high 
energies with low-voltage equipment. In the 20-mev unit electrons 
are given the same energy they would receive if they were accelerated 
by a potential difference of 20 million volts, while the voltage required 
to create the necessary field for their acceleration by magnetic induc¬ 
tion is about 100 volts per turn on the magnet coil. The maximum 
intensity of the 20-mev X rays is in the direction of the electron stream 
as it strikes the target. This intensity falls off 50 per cent at 4% 
degrees from the center and somewhat more gradually at larger angles. 
The focal spot of the betatron is very small, about 0.05 inch high by 
less than 0.005 inch wide. This small focal spot accounts for a sharp¬ 
ness in detail of radiographic work when the betatron is used. 

A 100-mev betatron was completed by the General Electric Com¬ 
pany in 1945. This unit weighs 130 tons and is about 9 feet high, 6 
feet wide, and 15 feet long, and it uses a 24,000-kilovolt-ampere 
capacitor for power factor correction. The X-ray tube is made of 
16 molded glass sections connected end to end. The transformer mag¬ 
net is operated on 60-cycle current with a flux density at the orbit of 
4000 gauss. The electrons are injected with a voltage ranging from 
30 to 70 kilovolts and, if allowed to remain in the 66-inch-diameter 
circular orbit for the entire quarter-cycle, they circle the magnetic 
flux 250,000 times, acquiring on each revolution an average additional 
energy of about 400 electron-volts. Thus in a period of % 4 o of a 
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Fig 10 20-me\ betation and control unit (Courtesy Alli^-Chalmers Manufac- 

tuimg Company) 



Fia. 11 View of the tube for a 100-mev betatron. (Courtesy General Electric 

X-Ray Corporation.) 
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second each electron travels over 800 miles. By means of the pulsing 
field they may be removed from the circular orbit at any time during 
the quarter-cycle, delivering energy varying from 1 mev up to the 
full 100 mev. The X-ray beam output has been as high as 2600 r 
(roentgens) at 100 mev, dropping to about 7 per cent of this value at 
20 mev. A view of the tube for a 100-mev betatron is shown in Fig. 11. 

In addition to its application in the radiographic field, the betatron 
holds much promise for use in both nuclear research and medical 
therapy. The reader will find detailed explanations of the theory, 
construction, and operation in the references cited at the end of this 
chapter. 

Frequency Limitations of Electron Tubes. The vacuum tubes con¬ 
sidered in the preceding pages of this book are limited to use with 
low, medium, and high frequencies. {See frequency chart on page 430.) 
The three following limiting factors apply to these tubes. 

1. Transit time of electrons. 

2. The impedance of the lead inductance and interelectrode capaci¬ 
tance of the tube. 

3. The radiation loss of the external circuits at ultra-high fre¬ 
quencies. 

The time required for an electron to pass from the cathode to the 
anode is very short, but at extremely high frequencies this transit time 
may approach the period for a cycle and then a delay and phase angle 
is introduced into the amplified signal. The inductance of an external 
conductor and the capacity between a pair of conductors has little 
effect upon the resulting voltage and current at medium frequencies, 
but at high frequencies the resulting reactance presents many design 
difficulties. It was suggested earlier that radiation of high-frequency 
carriers is very effective and that at ultra-high frequency the unde¬ 
sired radiation losses from the circuit external to the tube reduce the 
efiiciency of the circuit. These three disadvantages of ordinary elec¬ 
tron tubes are overcome in several special tubes such as the lighthouse, 
the Klystron, and the magnetron. 

The Lighthouse and Disk Seal Tube. The lighthouse tube is a high- 
frequency vacuum tube which utilizes new principles of construction. 
The elements of its construction and the general assembly of a light¬ 
house triode are shown in Fig. 12. Part (a) shows the anode as the 
circular base of a metallic cylinder, the grid as a circular fine mesh, 
and the cathode as an oxide-coated circular top of a hollow cylinder 
containing a heater. Thus the anode, grid, and cathode are circular 
sections of planes which may be brought very close together. The 
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cathode-to-grid spacing is of the order of 4 oi^ 5 mils and the grid-to- 
plate spacing is 12 or 13 mils. This short spacing reduces the transit 
time and overcomes the first limitation of earlier tubes. The tube 
elements are supported by disks which, in turn, are separated, insu- 



(o) (6) (c) 

Fig. 12. Parts and assembly of a li:;;hthouse tube and resonators. (Courtesy Gen¬ 
eral Electric Company.) 


lated, and sealed to hollow glass cylinders, as shown in part (b). The 
enclosure is evacuated, completing the vacuum tube but not its 
operating circuit. 

The improved features of the operating circuit of the lighthouse 
tube arc illustrated in the steps of Fig. 13. Part (a) shows the sche- 



Fig. 13. Steps in theory and development of a cavity resonator. 


matic circuit for an ordinary triode using a grounded grid. The im¬ 
pedance of the output or load circuit contains elements of resistance, 
inductance, and capacitance arising from lumped units plus the inter- 
electrode and line capacitance and the inductance of the load line itself. 
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At high frequencies the magnitude of the units of inductance in the 
load circuit will approach infinity. The resulting impedance can be 
greatly reduced by changing the cathode plate load to the simple 
equivalent circuit of part (6), Fig. 13. This new impedance can be 
reduced further in a new structure formed by rotating the line load 

of part (b) about the vertical axis 
yy\ This concept produces the 
hollow cylindrical box shown in 
part (c) having a circular plate 
P and cathode K at top and bot¬ 
tom. Now a vertical electrical 
field exists within the box, and the 
plate load electron current flows 
axially (along yy^) from K to P, 
then radially on the inside surface 
of the box to the outside, and then 
returns radially to the cathode. 
This flow of plate current will in¬ 
duce a magnetic field surrounding 
the axis yy\ Obviously, the flow 
of high-frequency plate current 
on the inside of the chamber finds 
a reduced impedance over the cir¬ 
cuit of Fig. 136 and, of equal im¬ 
portance, the circuit has perfect 
shielding and there is no radia¬ 
tion loss. Thus this structure which 
is called a cavity or resonance 
chamber serves to overcome limit¬ 
ing factors number 2 and 3 stated on 
page 418. This cavity is called a resonance chamber because it consti¬ 
tutes a high-frequency parallel tuned circuit. The circular faces of P 
and K separated by a vacuum constitute a condenser, and the inside 
circuit of the chamber constitutes one turn of an inductance having a 
very low resistance. Obviously, this parallel LC circuit has a high reso¬ 
nant frequency and a very high Q. Resonance is a valuable character¬ 
istic of all cavities having this type of construction. The final step in 
triode construction is suggested in the line circuit of part (d) of Fig. 13. 
If this circuit is rotated about its axis yy\ a double cavity resonator is 
generated in which the cathode-grid input exists in one isolated cham¬ 
ber and the grid-plate output in the upper chamber. The applica- 



Fig. 14. Lighthouse tube (2C40). 
(Courtesy Gc'neral Electric Com¬ 
pany.) 
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tion of these principles of construction is phown in Fig. 12c wherein 
the tube of part (6) has been inserted into a double cavity. In the 
actual circuit the plate, grid, and cathode disk are insulated by block¬ 
ing mica disks to prevent a short circuit to direct current. Obviously, 
these blocking condensers offer little impedance to the circulation of 
high-frequency currents around the inside of the cavity. The direct 
current for the cathode plate circuit is connected as indicated. The 
high-frequency input and output are fed through coaxial cables and 
are coupled to the circulating magnetic fields by the coil loops as shown 
for use as an amplifier. For use as an oscillator the input and output 
cavities are coupled through a coaxial cable or by other arrangements. 
The input and output cavities may be tuned by mechanical systems 
which change the volume and length of the resonating current path 
within the chambers. A commercial form of the lighthouse tube is 
illustrated in Fig. 14. This tube has an upper frequency limit of 
about 3500 megacycles. 

The Klystron. The Klystron is an ultra-high-frequency oscillating 
tube of the cavity resonator type which operates on the principle of 



velocity modulation. The construction of one of these tubes and its 
principle of operation may be understood by a consideration of the 
cross-sectional view of Fig. 15. Electrons emitted from the oxide- 
coated heater cathode K are accelerated by an electron gun consisting 
of a focusing cap F and an accelerating grid-like anode A. The result¬ 
ing electron stream moves on the line ABCD through the buncher 
grids B, catcher grids C, to the electron collector at D. Like the light¬ 
house tube described in the preceding article, the output of the tube is 
not measured directly by the electron current flow in the cathode- 
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anode collector circuit but by high-frequency currents produced in 
the resonators or cavities. This tube has two resonating {LC) cavi¬ 
ties. One resonator BR is called the buncher resonator and its LC 
circuit appears across the buncher grids jB. The second or output 
resonator CR is called the catcher resonator and has its LC circuit 
across the catcher grids C. Between these two cavity resonators is a 
third chamber called the drift space. In action any resonating or 
oscillating current in the buncher resonator BR produces a high- 
frequency potential across the buncher grids B which causes the 

electrons to move into the drift 
space in '^bunches’' and con¬ 
tinue through the catcher grids 
in a similar manner. To under¬ 
stand the action taking place it 
should be noted that the left- 
hand grid at B and the right- 
hand grid at C are held at a con¬ 
stant potential which is ground 
(Fig. 16). Hence neither of 
these grids changes potential in 
action but their 7nafes do change 
potential relative to them. Any 
high-frequency input into cavity 
BR causes a corresponding high- 
frequency current in the BR cavity which, in turn, varies the potential 
across the grids at B. Thus the potential of the right-hand grid of B 
varies with respect to its mate, and this variation reacts upon the elec¬ 
tron stream passing through B. When the relative potential is higher 
(+) the velocity of the passing electrons is increased, and when it is 
lower (—) the velocity is reduced. The result is to vary the velocity of 
the electrons entering the drift space. This periodic variation of veloc¬ 
ity permits the faster electrons to overtake the slower ones as they move 
through the drift space so that by the time of arrival at the C grids they 
have formed into bunches of electrons (negative space charge). Now 
these bunches of moving electrons constitute pulses or ''spurts^’ of cur¬ 
rent (electrons in motion). As these pulses of current pass through the 
space between grids C they produce circulating pulses of flux in the 
CR cavity. These pulses of flux cause an oscillating current in the 
CR resonant cavity. If these pulses correspond to the resonant fre¬ 
quency of the cavity a relatively large current results from the familiar 
LC action. The passing of the bunches of electrons or pulses of cur- 



Eia. 16. Direct-current circuit for a 
Klystron. 
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rent imparts energy to the resonant cavity^by storing energy in its 
magnetic field. Thus the energy for the CR cavity is derived fifom 
the electron stream, and the average velocity of the electron is re- 
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Fia. 17. Commeicidl double-iesonator Klystron 

Company) 


(Courtesy Sperry Gyio<?cope 


duced correspondingly. The action of grid B which results in bunches 
in the drift space constitutes a velocity-modulating action. In the 
course of the action described some electrons land on the grids as well 
as on the electron collector, and all are returned to the d-c power sup¬ 
ply. The schematic circuit for the Klystron is given in Fig. 16. To 
complete the physical concept of Klystron action it should be noted 
that the initial source of energy is supplied by the battery or power 
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supply in the electron gun. A part of the energy given by the electron 
gun is absorbed by the grids at B, and a much larger amount is ab¬ 
sorbed by grids C and their resonating cavity CR, The useful output 
from the Klystron is tapped from the magnetic field in resonator CR 
by a loop from a coaxial cable marked output. Y/hen the Klystron 
is used as an oscillator both resonators are tuned to the same fre¬ 
quency and a feedback is provided from the catcher resonator to the 
buncher resonator by means of a coaxial cable, as shown at the top 
of Fig. 15. The resonant frequency of either cavity is controlled 
(tuned) by a variation of the spacing between the grids of B and C. 
This tuning is accomplished by external mechanical movement per¬ 
mitted by the bellows-like construction of ends of the resonating 
chamber (see Fig. 15). 

A Klystron may be used as a frequency multiplier if the catcher 
resonator is tuned to a harmonic of the buncher voltage. It may also 
be used as an amplifier (double resonator type) by feeding the input 
into the buncher as indicated in Fig. 15. The power outputs obtain¬ 
able from Klystrons are of the order of a fraction of a watt to several 
hundred watts. Commercial Klystrons (of various types) operate 
from 1000 to 24,000 megacycles. A commercial form of double-cavity 
Klystron is shown in Fig. 17. 

The Magnetron. The magnetron is a high-frequency oscillator 
which utilizes both electric and magnetic fields as its source of oper¬ 
ation. An early form of mag¬ 
netron (1920-1930) is illustrated 
in Fig. 18. It consists of an axial 
heater-type cathode surrounded 
by a split anode and a coaxial 
coil which produces a magnetic 
field parallel to the axis and 
cathode. The circuit for this 
type (exclusive of magnetic coil 
and heater) is shown in Fig. 
19. With zero current in the mag¬ 
netic coil the electrons emitted 
by cathode K will move on radial 
lines to the split anode. When 
the magnetic coil is excited the 
axial magnetic field will deflect 
the moving electrons and cause them to move in curved paths, as 
explained on page 16. The curvature of the electron path can 



Fig. 18. Split-anode magnetron. 
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be controlled by adjustment of the magnetic field. A suitable* ad¬ 
justment of the field strength and battery supply voltage will cause 
the circuit to oscillate at the resonant frequency of the external 
LC tank. The oscillation in the tank circuit varies the voltage 
across itself and across the split anode A1 and A2 in such a manner 
as to maintain oscillation by utilizing power from the d-c supply. As 
the voltage on anode A1 rises it exerts a greater pull on the electrons 
and changes the curvature of their path. The phase relation of the 



Fia. 19. Oscillator cir- Fig. 20. Cross section of a 

cuit for a split-anode cavity magnetron, 

magnetron. 


circuit is such that when the voltage of A1 is the maximum its current 
due to electrons landing on it tends to be the minimum, and vice versa. 
Thus the magnetron oscillator is of the negative resistance type. This 
form of magnetron is capable of producing oscillations up to approxi¬ 
mately 600 megacycles. Its frequency is limited by the resonant fre¬ 
quency of this form of external tank circuit and by the transit time 
of the electrons moving from cathode to anode. The output for this 
oscillator is obtained through a coil coupled to L 1 L 2 . 

Magnetrons for producing much higher frequencies and having much 
greater outputs were developed for military purposes during World 
War II. These magnetrons use resonant cavities for the LC tank cir¬ 
cuit and powerful permanent magnets for producing a magnetic field 
parallel to the axis of the cathode. A cross section of this magnetron 
is shown in Fig. 20. The anode consists of a solid copper block ma¬ 
chined as illustrated, giving an appearance similar to a multiple field 
of a d-c dynamo. The circular holes in the anode plus the ducts cut 
to the inside of the annular structure constitute resonant cavities in 
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which the high-frequency energy is generated. Electrons emitted 
from the cathode are attracted to the surrounding anode and are forced 
to travel in epicycloidal paths by the powerful magnetic field. The 
changing phase relation of the rf field causes some electrons to return 
to the cathode while others are moved outward in cycloidal paths 



Fig. 21. Sectional view of high-power magnetron. (Courtesy Bell Telephone 

Laboratories.) 


which have a rotary motion within the cathode-anode space. This 
rotary motion is similar to the rotating magnetic field in the stator of 
an a-c machine. In passing the gaps in front of the resonator cavities 
the electronic rotating field imparts energy to these multiple resonators. 
High-frequency power output is taken from the magnetron by means 
of a coaxial cable and loop, as indicated at the bottom of Fig. 20. 
Magnetrons of this type may be “pulsed^^ by applying periodically a 
high d-c voltage to the cathode-anode circuit. The frequency range 
of this device is of the order of 3000 to 30,000 megacycles. A cutaway 
section of a commercial magnetron is given in Fig. 21. 
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Problems 

1. Explain the operation of the Villard circuit shown in Fig. 4. 

2. An X-ray therapy tube operates continuously at 250,000 volts direct 
current with a current of 10 milliamperes. If 90 per cent of the energy must 
be conducted away by water cooling, what will be the rate of water flow for a 
temperature rise (water) of 40 degrees F? 

3. If 1,000,000 volts is applied between the cathode and target of an 
X-ray tube, what would be the velocity of the impinging electron calculated 
by equation 9 of Chapter I? How does this compare with the velocity of 
light? Explain. 

4. Assume that the “donut” tube in a betatron has a mean diameter of 1 
meter and that an electron in the tube gains energy at the average rate of 
200 electron-volts for each revolution. What will be its velocity starting from 
rest after 0.001 second? 
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VACUUM ELECTRONIC TUBES ' 


Ttpb or Ttpb or 


Tubs Nambs 

Kenotron 

Diode 

Function 

RectiSes low values 
of current (often 
at high voltage) 

Application 

Rectification in ra¬ 
dio, X ray, and 
electrostatic pre¬ 
cipitation 

Control 

None 

Cathode 

Hot 

XRay 

Produces X-ray ra¬ 
diation 

Medical diagnosis 
and therapy 
Examination of in¬ 
dustrial products 

None 

Hot 

Pliotron 

May be triode, tet¬ 
rode, or pentode 

Amplification and 
high frequency os¬ 
cillation 

High-frequency 

heating 

Carrier cunent 
Control circuits 
Radio receivers and 
transmitters 

Electrostatic 

Grid 

Hot 

Cathode Ray 

Produces visual in¬ 
dications by con¬ 
trolled electron 
beam 

Circuit anal3n3is 
Television 

Electrostatic or 
Electromagnetic 

Hot 

Magnetron 

XJltra-high-f re- 
quency oscillation 

Short-wave radio 

Electromagnetic 

field 

Hot 

Klystron 

Ultra-high-fre¬ 
quency oscillation 

Used in military ra¬ 
dio and detection 
devices 

Resonance 

chambei 

Hot 

Vacuum Phototube 

Used in applica- 

Sound movies 

l^ight variation 

Photoelectric 


tions where audio- 
frequency re¬ 
sponse Is impor¬ 
tant 

♦This table and the one which follows condensed from Electrontca at Work, Westinghouse Electric 
Corporation, 1943. 
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GAS-PILLED ELECTRONIC TUBES 


Ttpb or Tm or 


Tubs Names 

FXTNCnOM 

Application 

CONTBOL 

Cathode 

Eoctigon 

Tungar 

Low voltage rectifi¬ 
cation 

Battery charging 

None 

Hot 

Phanotron 

Mercury-vapor 

rectifier 

Rectification of 
moderate amounts 
of current at volt- 
accs up to 20,OCX) 

Radio transmitters 
and industrial ap¬ 
plications 

None 

Hot 

Thyratron 

May be gas triode 
or gas tetrode 

Control and con¬ 
trolled rectifica¬ 
tion of moderate 
amounts of cur¬ 
rent at voltactM up 
to 22,000 

Welding control 
Timing circuits 
Motor control 
Voltage regulation 

Electrostatic 

Grid 

Hot 

Glow Tube 

Illumination, recti¬ 
fication, and rep^u- 
lation at low cur¬ 
rent, low voltage 

Switchboard indi¬ 
cating lights 

Control circuit volt¬ 
age regulators 
Protection of super¬ 
visory control cir¬ 
cuits 

None 

Cold 

Grid-Glow Tube 

Gas triode 

Controls small 
amounts of power 

Safety control of 
furnaces 

Electrostatic 

Grid 

Cold 

Pool Tube 
Mercury-arc recti¬ 
fier 


Power for alumi¬ 

None 

Pool (usually 
mercury) 

Grid-Pool Tube 
Excitron 

Mercury-arc recti¬ 
fiers 

Eectification, con¬ 
version, and con¬ 
trol of largo 
amounts of power 

num and magne¬ 
sium production. 
Electrochemistry. ■ 
Transportation. 
Resistance weld- 

Electrostatic 

Grid 

Pool (usually* 
mercury) 

Ignitron 


i:ie. 

Resistance igni¬ 
tion 

Pool (usually 
mercury) 

Gas Phototube 

Process and quality 
control 

Detection devices 

Sound movies 

Pinhole detector 
Cutting, winding 

Light variation 

Photoelectric 


and printing oon- 
troi 
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FREQUENCY CHART 


DfisiaNATioNa 

Abbrevia¬ 

tions 

Frequencies 

Wavelengths 
(In Meters) 

Radio frequencies 

rf 



Very low 


10 to 30 kc 

30,000 to 10,000 

Low 


Above 30 to 300 kc 

10,000 to 1,000 

Medium 


Above 300 to 3,000 kc 

1,000 to 100 

High 


Above 3,000 to 30,000 ko 

100 to 10 

Very high 


Above 30,000 to 300,000 ko 

10 to 1 

Ultra-high 


Above 300,000 to 3,QOO,0OO kc 

1 to 0.1 

Super-high 


Above 3,000,000 to 30,000,000 kc 

0.1 to 0.01 

Audio 

af 

30 to 15,000 cycloK 


Video 

yi 

30 to 5,000,000 cycles 




and higher 
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Acceleration in electric field, 9 
Ampere, definition, 5 
Amplification, current and voltage 
lations, 125 
limiting factors, 119 
maximum efficiency, 182 
theory of, 76, llfi-119 
Amplification factor, 65 
Amplifiers, Class A, 175 
Class AB, 180 
Class B, 181 
Class C, 184 
d-c coupled, 143 
grounded-grid, 162 
impedanec'-coupled, 150 
multistage, 143 
multistage design, 186 
power, Chapter VIII (page 171) 
push-pull, 174 
radio-frequency, 163-167 
RC-coupled, 144-149 
transformer-coupled, 152 
video, 156 

Amplitude modulation, 221-223 
with diode, 227 
Anodes, construction of, 44 
Arc discharge, 256 
Atom, 2, 3 
Audion, 55 

Automatic volume control, 237 

Barrier-layer cells, 317, 377 
Bass attenuation, 189 
Beam-power tube, 85, 86, 87 
Betatron, 414-418 
Blocking-layer cell, 317 
Blocking oscillator circuit, 218 
Breakdown voltage, 252, 253 

Capacitron, 299 
Cathode, construction of, 26 


Cathode, follower, 160-162 
oxide-coated, 30, 267 
sputtering, 262 
thoriated-tungsten, 27 
tungsten, 27 

Cathode-ray tube, construction of, 88- 
90 

Cavity resonator, 419 
Charge, definition of, 4 
image positive, 20 
negative, 4 
on electron, 7 
positive, 4 
space, 4 
table, 7 

Child’s equation, for triode, 68 
for vacuum diode, 48 
Cold-cathode tubes, 300-305 
Color sensitivity, 368 
Colpitts’ oscillator, 200, 203 
Conduction, electric, 5 
in gases, 245, 257 
in liquids, 5 
in solids, 5 
Contact emf, 39 
Contactors, electronic, 298 
Conversion ratio, 327 
Copper oxide rectifier, 318-322 
Coupling, shunt-peaked, 157 
Crystal rectifiers, diode, 312 
general, 310 
germanium, 312 
silicon, 311 
Crystals, 207, 208 

Deflection, electric field, 11 
magnetic field, 14 
Deionization, 250 
Demodulation, see Detection 
Detection, diode, 235 
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Detection, grid-leak, 238 
linear and square law, 234 
plate, 239 

with Varistor, 242-244 
Dielectric heating, 211 
Diode, application of high vacuum, 54 
crystal, 312 

dynamic characteristic, 1C9 
vacuum characteristics, 46-49, 52, 53, 

109 

Discharge, arc, 256 
glow, 254 
Townsend, 252 
Distortion, frequency, 117 
phase, 118 

second harmonic, 112, 113 
Dynamic characteristic, 64, 1C9-111 
Dynamic response, 374 
Dynatron oscillator, 213 

Edison effect, 19 
Electric current, definition of, 5 
Electric-field intensity, general, 8 
units of, 9 
Electron, free, 5 
Electron affinity, 19, 20 
Electron ballistics, 7 
Electron-coupled amplifier, 203 
Electron deflection, in combined field, 
15 

in electric field, 10 
in magnetic field, 12-14 
Electron emission, 22 
effect of gas, 32 
equation of, 25 
high-field, 22 
secondary, 23 
thermionic, 23-25 
Electron focusing, 15, 17 
Electron microscope, 22, 394 
Electron-multiplier tubes, 383 
Electron optics, 17 
Electron-ray tube, 93 
Electron velocity, 9 
Electron-volt, 9 
Electronics, definition, 1 
Electrostatic field, definition, 8 
distribution of, in triode, 59 


Electrostatic field, focusing, 17 ^ 

uniform, 10 

Emitters, application of, 33 
comparison of, 32 
effect of gas on, 32 
Equivalent circuits, 126 
Excitron, 290 

Feedback, negative, 191 
oscillators, 198 
result of coupling, 191 
Filters, analysis of, 353-357 
choke, 350 
comparison of, 353 
design of, 353-357 
full-wave, single-phase, 349 
general, 347-352 
half-wave, single-phase, 348 
L-type, 352 
smoothing, 347 
Flash-back, 289 
Flash tube, 400 
Fluoroscopy, 411 
Foot-candle meter, 380 
Frequency chart, 430 
Frequency modulation, general, 225 
reactance tube, 233 

Gain, as logarithmic function, 121, 122 
comparative ratios, 147-148 
in equivalent circuits, 126, 127 
middle, low, high frequencies, 146 
Gaseous conduction, 246, 251 
Gaseous lighting unit, 257, 300 
Gaseous rectifier diodes, 264-266 
Gaseous tube, summary, 429 
Glow discharge, 254, 255 
Glow lamps, 257-259 
Grid, free, 60 
of thyratrons, 277 
Grid action, theory of, 55 
Grid bias circuits, 60, 61 
Grid construction, 55, 56 
Grid-control ratio, 270 
Grid-glow rectifier, 304 
Grid-glow tube, 304 
Grid leak, 61 
Grid-leak detector, 238 
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annonic distortion, calculation of, 
172-173 

general, 112, 113, 157 
reduction with push-null, 174 
Hartley oscillator, 202 
Heterodyne systems, 241 
High-field emission, 22 
High-frequency heating, 211 

Iconoscope, 400-406 
Ignitor, 292 

Ignitron, anode firing, 293 
general, 292-299 
network for firing, 294 
vs. thyratron, 299 
water-cooled, 296 
Image positive charge, 20 
Induction heating, 211 
Interelectrode capacitance, 135-137 
Inverse peak voltage, 263 
Inversion circuits, 357-361 
Ion, negative, 3 
positive, 3 
Ion production, 247 
Ionization by collision, 248, 249 
Ionization methods, 247 
Ionizing collision, 248 
Ionizing potential, 249 

Klystron, 421 

Lighthouse tube, 418 
Load lines, 128, 129 
push-pull, 177 

Loads, static and dynamic, 133 
Magic eye, 94 

Magnetic field, action of, 12 
focusing of, 15 

Magnetostriction oscillator, 215 
Magnetron, 424-426 
Mean length of free path, 245, 246 
Mcchano-electronic transducer, 94-96 
Mercury-pool tubes, 285 
Metallic rectifier, copper oxide, 318- 
321 

general, 317-327 

magnesium-copper sulphide, 323 
selenium, 322 


Microphonics, 119 
Miller effect/ 136 
Mks system, 7 
Modulation, absorption, ^ 
amplitude, with diode, 227 
balanced circuit, 224 
classes of, 220 
factor, 223 
frequency, 225 
grid, 220-231 
plate, 228 
pulse time, 234 
side bands, 223 
simple, 219 
Van der Bijl, 230 
with oscillator, 232 
with reactance tube, 233 
Molecule, structure of, 3 
Motor boating, 188 
Multivibrator, 216 
Mutual conductance, C7 

Negative space charge, genCial, 43 
neutralization of, 260 

Oscillator, analysis of tuned plate, 204 
blocking, 218 

/Colpitts circuit, 200, 203 
crystal-controlled, 206 
dynatron, circuit of, 213 
electron-coupled, 200, 203 
electron-tube, 196 
muivalent circuit, 204 
/Hartley circuit, 200, 202 
magnetostriction, 215 
mechanical resonance for, 214 
multivibrator, 216 
negative resistance, 213 
parallel T, 210 
Potter, 217 
power, 211 
RC, 208-210 
relaxation, 108 
stability, 202 
tuned circuits, 200 
Oscilloscope, 386-394 , 

Oxide-coated cathode, 30, 31, 267 
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Parameters of vacuum tubes, 68 
Paschen’s law, 253, 254 
Pentagrid converter, 88 
Pentode, characteristics of, 83, 84 
construction of, 81 
potential distribution of, 82 
Phanatron, 267 
Phase inverters, 179 
Phase-shift circuits, 209, 275 
Phase-shift control, 274 
Photoconductive devices, 380-382 
Photoemission, general, 366 
laws of, 367 

Photography, high-speed, 399 
Photosensitive films, 368 
Phototubes, gaseous, 372-375 
vacuum, 368-372 
Photovoltaic devices, 375-380 
Plasma, 257 
Plate, definition of, 45 
Plate detection, 239 
Plate dissipation, 129, 130 
Plate resistance, 67 

Potential distribution, in beam-power 
tube, 86 
in diode, 44 
in electric fields, 10 
in hot gaseous tube, 262 
in pentode, 82 
in tetrode, 78 
in triode, 57 

Potential gradient, definition of, 8 

Power pack, 51 

Push-pull circuit, general, 171 

Q factor of circuits, 101 

Radio-frequency heating, 211 
Ratio of rectification. 335 
Ratio of reduction, 341 
Rectification, full-wave, 51 
half-wave, 50 
theory of, in vacuum, 40 
Rectifier, commutating, 329 
comparison of, 327 
contact, 331 
copper oxide, 318-321 
electrolytic, 332 
excitron, 290 


Rectifier, gaseous, 265, 304 
germanium, 312 

magnesium-copper sulphide, 323 
mercury-vapor, 266 
metallic, 317 

multieloctrode metal-tank, 287-290 
multiphase circuits, 343-346 
rotary, 332 
selenium, 322 
silicon, 311 

single-phase circuits, 333-335 
summary of, 347 
tungar, 265 
Relay tube, 303 
Resonant circuits, parallel, 105 
series, 103 

Richardson ^s equation, 25 
Ripple factor, 338 

Saturable-core reactors, 294 
Schottky effect, 35 
Screen grid, 77 

Secondary emission, general. 23 
in tetrode, 79 
Selenium rectifier, 322 
Shot noise, 119 
Skin effect, copper, 100 
magnetic, 101 
Space charge, negative, 43 
Spectrum radiant energy, 365 
Stroboscope, 397-399 
Stroboscopic lamps, 301 
Strobotac, 398 

Television, 405 
Temperature regulation, 282 
Tetrode, characteristic of, 78 
construction of, 77 
potential distribution of, 78 
Thermal noise, 119 

Thermionic emission, curves of, 28, 29 
equation of, 25 
general, 23 

Thyratron, amplitude control, 273 
as inverter, 358 
firing angles, 234 
general, 268-285 
grids, 277 
hydrogen, 282 
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'^h3rratron, phase-shift control, 274 
shield-grid, 278-281 
Timing circuits, 107 
Townsend discharge, 252 
Transconductance, 67 
Transformers, amplifier coupling, 152 
equivalent circuit, 154, 155 
Transistor, 314 
Trigger tube, 272 
Triode, characteristics of, 61-64 
construction of, 55-56 
conventional circuit, 60 
graphical analysis of operation, 111 
lighthouse tube, 418 
limitations of, 73 
potential distribution, 57 
types of, 69-75 
Tungar rectifier, 264 
Tungsten cathode, 27 
curve of emission, 28, 29 
thoriated, 27 


Unilateral conductivity, 39 
Utility factor, 336 

Vacuum tube, summary, 428 
Vacuum-tube voltmeter, 240 
Variable-mu tube, 66 
Varistor, 242 
Vibrating rectifier, 330 
Video amplifiers, 156 
Voltage doubler circuits, 340 
Voltage-regulator tube, 301-302 

Work function, definition of, 21 
table, 21 
theories of, 34 

X-ray, industrial application of, 411 
X-ray equipment, 408 
X-ray tube, 407 
million-volt tubes, 413 





